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Dense phase flow is defined to exist whel\ the concentration of the solid 
particles equals or exceeds the freely settled particle concentration, and the 
dominant mechanism supporting the particles is interparticle contact. 'Ibe 
hydraulic transport of high concentration dense #lase mixtures is investigated, 
wi th particular reference to the transport of cyclone classified tailings for 
gold mines. 
'Ibe experimental test procedures for the pipeline test facilities developed for 
the flow of high concentration slurries in horizontal and vertical pipelines are 
discussed and experimental errors evaluated for each measurement. 'Ibe methods 
used to characterise the solid particles are described. A data base of pipeline 
tests of cyclone classified tailings materials is presented. At high solids 
concentration the mean mixture velocity versus pressure gradient curves become 
linear indicating that the mixture shear stress consists of viscous fluid shear 
stress and mechanical frictional stresses. The pressure gradient increases 
sharply for solids concentrations greater than the freely settled particle 
concentration. 
'Ibe operating procedure for the rotating disc apparatus developed to investigate 
the submerged dynamic coefficient of friction between fine grained solid 
partiqles and a solid boundary is described, and experimental errors are 
evaluated for all measurements. Measured values of the dynamic coefficient of 
friction are presented which remain constant with speed. 
A mechanistic model developed for dense Ji1ase flow is described. Fluid and 
solid particle friction mechanisms are used to establish stress relations for 
the mixture. 'Ibe governing differential equation for the velocity distribution 
of the mixture is derived from the Cauchy momenttDD equation and solved using the 
fini te element method. The model is extended to deal with mixtures with wide 
particle size distributions such as cyclone classified tailings. 'Ibe model is 
evaluated by examining the influence of mean mixture velocity, solids 
concentration and pipe diameter on the velocity profiles and pressure gradients. 
'Ibe log standard error between the calculated and measured pressure gradients 
are generally less than 0,04 (average error less than 10%) for all tests above 
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CHAPl'ER 1 - IN'l'lgX.mION 
The objective of this investi.ation is to develop a mechanistic model to predict 
pressure gradients for the pipeline flow of high concentration backfill slurries 
to aid backfill system desilll. Hydraulic backfill transportation Syst811S are 
described, and the lack of adequate pressure gradient ~ction methods 
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and. pipe wall 
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CHAPI'ER 2 - BXPIRDftIl'AL INVESTIGATION I - PIPKLINE TFSl'S 
The three pipe loops buH t to investigate the hydraulic transport of high 
concentration cyclone classified. tailiIlits are described. 'l1le methods used for 
measuring the variables (mean mixture velocity, slurry relative density, 
pressure gradient and slurry temperature) are discussE!$i and experimental errors 
evaluated for each measurement. The experimental test procedure is described. 
The methods used to characterise the solid particles for each material tested. 
are discussed. The solid particle properties evaluated are: solids relative 
density, particle size distribution, particle shape factor, freely settled 
particle concentration, internal angle of friction of the solid particle matrix 
and the dynamic coefficient of sliding friction. 
Test results for cyclone classified tailings from four mines (Blyvooruitsig, 
East Driefontein, Vaal Reefs and Western Deeps) are presented in a data base 
(Appendix A). 
The variation of pressure gradient with velocity becaoes linear at high 
concentration indicating that the pipe wall shear str ss consists of viscous 
fluid shear stresses and mechanical slidiIlit frictional stresses. The pressure 
gradient increases sharply with solids concentration above a solids 
concentration correspondiIlit to the freely settled. particle concentration. The 
rate of increase of pressure gradient with decrease in pipe diameter increases 
with increased solids concentration. 'l1le transition solids concentration 
between heterogeneous flow and hanogeneous flow increases with increasing pipe 
diameter. The horizontal and vertical down friction pressure gradients are 
similar, while the vertical down friction pressure gradient is slightly greater 








PIPRI:tNB TBST APPARA'lVS AND OPIRATOO PJg:(IDURB 
Description of test facilities 
Measured variables 
2.2.1 Slurry relative density 
2.2.2 Slurry flow rate 
2.2.3 Mixture head loss 
2.2 • 4 Internal pipe diBllleter 
2.2.5 Slurry temperature 
Derived. variables 
Solid volumetric concentration 
2.3.2 Mean mixture velocity 
2.3.3 Pressure gradient 














































2.5.1 Slurry relative density 
ix 
2.5.2 Slurry flow rate and mean mixture velocity 
2.5.3 Hydraulic gradient and pressure gradient 
2.5.4 Internal pipe diameter 
2.5.5 Slurry temperature 
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CHAPl'ER 3 - EXPBRIMENTAL INVESTIGATION II 
MEASURPMENT OF SOLID PARTICLE SLIDING FRIC!1'ION 
Meth~ used to determine the dynamic coefficient of sliding friction are 
reviewed. The development of a solid particle sliding friction apparatus for 
fine grained particles based on the design of a rotary shear meter is discussed. 
The measurement procedure is described and. experimental errors evaluated. for all 
measurements. 
Measured values of the dynamic coefficient of friction are presented for the 
Blyvoorui tsig, East Driefontein and. Vaal Reefs materials. No values for the 
Western Deeps material are reported, as the material formed. a non-Newtcmian 
mixture which influenced the normal loading on the solid particles. 
The measured dynamic coefficient of friction is constant with respect to the 
relative speed between the particles and the rotating disc. No cle&r trend 
regarding the effect of particle size distribution on the coefficient of 
friction was observed for the materials tested. The variation of the 
coefficient of friction with solids concentration is asst.med to be similar to 
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Rotary shear meter 
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Measurement ooncept 
Description of apparatus 
Measured variables 
3.3.1 Frictional resistance 
3.3.2 Total normal load 
3.3.3 Rotational speed of disc 
3.3.4 Solid particle concentration 
3.3.5 Temperature' 
Derived variables 
3.4.1 Dynamic coefficient of sliding friction 










































3.6.1 Frictional resistance 
3.6.2 Normal loading 
xi 
3.6.3 Relative speed bet.ween particles and disc 
3.6.4 Solid particle concentration 
3.6.5 Temperature 
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CHAPI'ER 4 - DBNSB PHASE F'IDi - A RBYIBW OF ANALYTICAL MB'lB)J)S 
The term dense phase flow is defined in the context of this investigation. The 
Streat dense phase model for horizontal pipes and the Wilson, Brown and Streat 
model for high concentration flow in vertical pipes are reviewed and discussed. 
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.'!be developnent of a mechanistically based model for predicting pressure 
gradients of dense phase mixtures is presented. 'Ihe model uses fluid and solid 
particle friction mechanisms to develop stress relations for the mixture. 'Ihe 
governing differential equation for the velocity distribution of the mixture is 
derived from !he Cauchy momentum equation and solved using the finite element 
method. '!be model is extended to deal with mixtures with wide particle size 
distributions such as cyclone classified tailings. 
1. INTRODUCTIOO 5.1 
1.1 Baakground 5.1 
1.2 Overview of the dense phase mechanistic model 5.1 
1.3 Coordinate system and stress notation 5.3 
2. DENSE PHASE MECHANISTIC f1?DiL 5.4 
2.1 Moment\.lll equations for slurry flow 5.4 
2.2 Shear stress distribution 5.6 
2.3 Shear stresses due to liquid phase 5.8 
2.3.1 Viscous shear stresses 5.8 
2.3.2 Turbulent shear stresses 5.8 
2.4 Shear stress acting within the solid phase 5.9 
2.4.1 Solid phase stress relations 5.9 
2.4.2 Shear stress distribution in dense phase flow 5.11 
2.4.3 Normal stress due to applied axial stress 5.12 
2.4.4 Normal stress due to weight of particles 5.15 
2.4.5 Total normal interparticle stress 5.15 
2.5 Shear stress at pipe wall due to solid phase 5.16 
2.6 Differential equation for velocity distribution in a pipe 5.16 
2.6.1 Unsheared solid particle matrix 5.17 
2.6.2 Sheared solid particle matrix 5.18 
3. APPLICATION Qf Dmf§i PHASE l'D>m,. m CYCLONE 
CLASSIFIRQ TAILINQS 5.19 
3.1 Vehicle portion of the slurry 5.19 
3.2 Defini tion of dense phase flow for slurries with wide 
particle size distributions 5.21 
3.3 Fluid shear stress in mixture 5.22 
3.4 Shear stress due to coarse solid particles 5.23 
3.5 Differential equation for velocity distribution in a pipe 5.23 
3.6 Boundary conditions at pipe wall 5.25 
3.6.1 Solid phase shear stress at pipe wall 5.25 
3.6.2 Vehicle shear stress at pipe wall 5.28 
3.6.3 Boundary velocity of coarse particle matrix 5.29 
3.6.4 Evaluation of boundary fluid shear layer thiclmess 5.30 






















SOUJl'ION OF DIFFERENTIAL EQUATION DESCRIBING THE VELOCITY 
DISTRIBtn'ION BY THE FINITE ELEMENT ME'llPD 
Problem definition 
Boundary condi tiona 
4.2. 1 Annular sheared zone 
4.2.2 Unsheared core in contact with pipe wall 
Galerkin weighted residual method. 
Element stiffness matrix and force vector 




























CHAPI'ER 6 - EVALUATION OF DENSE RlASE ~EL 
The input parameters required. by the dense phase mechanistic model are discussed 
and the values used for the model evaluation presented. 
The dense phase model is evaluated by considering the influence of mean mixture 
veloci ty, solids concentration and pipe diameter on the velocity profiles and 
pressure gradients. The various dense phase flow regimes are examined. The 
model is numerically evaluated by calculating the log standard error between the 
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ABS'lRACT 
The main conclusions drawn fran the experimental investigations, mechanistic 
model, and. the evaluation of the mechanistic model are presented. The 
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Research topics that could form an extension of the work done in this thesis are 
highlighted and discussed. Suggestions are made as to further experiments that 
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suggested that the velocity and concentration distribution within the pipe be 
measured to verify the mechanistic model. Further development of the 
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A internal area of pipe 
c local concentration of solids by volume 
C mean concentration of solids by volume 
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B sliding bed 
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f friction 
F fine fraction 
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t liquid phase 
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As South .African gold IIlines reach ever increasi~ depths it has 
becaae necessary to backfill stapes to control rock blrsts and stope 
convergence due to excessive over burden pressures. Backfilling 
involves the placement of waste material (tenaed. backfill) in mined 
out areas of the mine. Additional reasons for backfilliDiI, a-,:art 
from rock bursts, are that backfill (Hilde et 81 (1990) ) : 
( i) reduces labour requirements for handli.na ti..ber props, 
( ii) offsets shortfalls in tilllber supply and reduoes fire hazards, 
(iii) improves mine ventilation, 
( i v) improves ore extraction. 
Backfill IBterial is hydraulically transported fraa the surface 
level, where it is produced, to stopes ~'OlJDd where the 
backfill is placed in paddocks. Fi...-re 1.1 show8 the la70ut of a 
"free fall" hydraulic transport systaa. '1'be backfill sl\ll"l7 is 
supplied to the shaft colum in 10Ibich it falls freely WIder JP,"avi t7 
until it reaches the air:-sl\ll"l7 interface. '1'be heiJlbt of the 
air-sI\ll"l7 interface is established such that the pressure head 
available (due to beiaht Hi in F~ 1.1) l:Blanoes the pipeline 
friction losses for a -,:articular flow rate. 'lb,-- if the supply flow 
rate is increased the level of the air-sl\ll"l7 interface will rise. 
Disadvantaates of the free fall S)'Bt.aa are : 
( i) Very high velocities are attained in the free fall acne 
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( ii ) '!be hiP illpact presaures .enerated at the air-slUl'TJ' 
interface IB7 lead to pipeline "burstinll" failure. 
F~ 1.2 illustrates the layout of a "full-flow" backfill 
b,draulic transport systaa. 'lbe air-slurry interface is .untained 
at surface level by ensurm, that the pressure bead. available is 
IIBtched. by the systea friction losses. 'lbe advant8lle of the full 
flow system is that pipeline wear rates, BId. thus failures, are 
miniJDised.. 'lbe difficulty of implementiDII such a syst.ell ia that , 
generally for slurry velocities below 3 mls the pressure head 
available is far greater than the frictional losses. Proposals and 
methods used. to dissipate the excess enercy are as follows : 
( i) Ceramic choke sections have been installed. at pipeline 
flanges. 'lbese chokes have led. to localised. wear dawnstreala 
of the Choke BId. consequently pipeline failure. 
(ii) Lengths of SIIBll bore pipe have been installed. ami 
successfully used. to dissipateexceas eIlIIH'IIY, altlnlldl the 
pipeline wear rate is h~ due to the hitCh slurry velocities. 
(iii) Enercy dissipators are beiDII developed to dissipate a ar.e 
amount of enercy in a short leuath of pipeline. (De such 
desilPl incorporates ceI'Bllic balls in a bouainll CWinIn'ove 
(1989) ). 'Ibis desilPl bas been tested successfully with 
stabilised. slurries, but was feud to block with settlm. 
mixtures. 
(iv) Pressm-e breaks in the fora of ~ re8el"YOirs at 
inter.ediate levels have been successfully used. Future 
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(v) Moat backfill syste.s operate at a CODCeIltration of ~ to 
4~ by vol~. IncreasirC the Solids concentra'tion to 50S by 
volu.! will result in the followi.rc benefits : 
• 1he pipeline friction losses will be substantially 
increased, thus reducing the 8IDJnt of excess energy 
available. 
• '1here will be less 18ter run-off after plar. a.ent, 
which will reduce 18t.er bandlinll proble.s in the mine. 
• '1be backfill ccmsolidation t~ will be reduoed. 
1here are IMIlY types of backfill .. terials preaent17 beinlr used. in 
gold 1Iines. Table 1.1 shows that ~lone classified tailiICs 
acoo\.8lt for 7~ of the total quantity of fill placed (Spea.rirc aol 
Smart (1990) ). Cyclone classified tailiICs are ~ by 
removing the fine fraction of full plant tailirCa (all tailu..s fral 
the mineral extraction process) throuIh a CJOlOlliJc JJI'OO8BB. 
Figure 1.3 C<IIIJB1'8S typical particle size distrirutions of full 
plant tailings and. cyclone classified tailinls. 
TABLE 1.1: Backfill .. t.erials (8pearirC and s.art (1990) ) 
Material S of Total Placed 
, 
c,clone classified tailinas 73,0 
c--ated tailinlrs 25,0 
DMBtered tailinlls 1,5 













Particle Size (micrometres) 
Full plant tailings and cyclone classified 












2. STATEMENT OF PHOBLEM 
In oI-der to design backfill systems with confidence it is vital that 
the pipeline pressure gradients be predicted accurately. This is 
especially true for full flow systems. 
Figure 1.4 shows the variation of the experimentally measured 
horizontal pressure gradient with solids concentration for cyclone 
classified tailings in a 40 mm NB pipeline at a mean mixture 
velocity of 2 m/s. It is seen that the measured pressure gradient 
increases very steeply above a solids concentration of 40% by 
volume. The Lazarus (1989) sliding bed model for mixed regime 
slurries (i. e. wide particle size distributions) has been shown to 
accurately predict pressUre gradients for solids concentrations less 
than 40% by volume. It is apparent fran Figure 1.4 that the Lazarus 
analysis does not model the flow mechanisms of high concentration 
flows satisfactorily enough to predict the sharp increase in 
pressure gradient for solids concentrations greater than 40% by 
volume. Also shown in Figure 1.4 is the predicted pressure gradient 
calculated using Streat' s (1986) dense phase model, Equation (4. 15) 
page 4.8, for horizontal pipelines. It is clear that the Streat 
dense phase model does not adequately predict the pipeline pressure 
gradient for design use. 
The variation of the measured pressure gradient with solids 
concentratio  for the vertical downward flow of classified tailings 
is shown in Figure 1.5. As with horizontal flow the pressure 
gradient increases steeply for solids concentrations greater than 
4~ by volume. The predicted pressure gradient calculated using 
Streat's (1986) analysis, Equation (4.25) page 4.13, for vertical 
flows is shown in Figure 1.5. Vertical pressure gradients are 
defined in Figure 2.17 on page 2.43. It is clear that Streat's 
assumption in his analysis that the friction losses in a vertical 
pipe may be approximated by that due to clear water alone is not 












'!hus the prilBry problaa f8Om. the desianer of a backfill s)'Btea is 
how to predict pipeline pressure aradients for the flow of hiah 
concentration backfill slurries. 
Very little work has been done on the investiaation of hiah 
concentration (greater than 401 by volu.!) settliIC lBixtures. The 
reason for this pauci t,. of work is that in ..t cases the high 
pipeline pressure gradients render hiah concentration Qdraulic 
transport systems uneconaoic. 1his is not true of backfill 
hydraulic transport systems where the high pipeline pressure 













































Experimental Oata - Vaal Reefe 
Lazarue' Sliding Bed Model 
Streat's Oense Phase Model 
40 mm NB 
V = 2 m/s 
- - -- -- -- -
----------------------------
30.0 35.0 40.0 45.0 50.0 55.0 
[" by vo lume] Solids Concentration 
1.50 1.60 1.70 1.80 1.90 
Slurry Relative Density 
60.0 
Figure 1.4 Horizontal pipeline experimental data and model 
comparison 
VERTICAL DOWN PIPELINE 
- 4.0~----~------~------~----~------~----~ 
...... 




















e Experimental Oata - Vaal Reefs 
Streat's Vertical Analysis 
- - - - - - - - -
40 mm NB 
V = 2 m/s 
- -
-20.0~----~------~------~------------~----~ 
30.0 35.0 40.0 45.0 
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3. 0BJ1I(l'IYB AND SOOPI OF DMm'IGATIgf 
'1b.e objective of tJrls investi.lation is to detendre the flow 
mechani_ of high concentration settliIC sll.D'Ties, and to develop a 
model to predict pressure gradients for the pipeline flow of these 
slurries. 
In particular it is required that a model be developed to predict. 
pressure gradients for the desian of backfill syate.l conveying 













4. 1 Pipeline tests - Cbapte,[ 2 
'1be first goal of the investiaatim is to establish a data base of 
E88Ul'ed pressure aradients to be uaed to evaluate the pressure 
gradient predictim IIIOdel. In addi tim to quantitative 
~ts, valuable qualitative infon.tim oonoenWta flow 
mechani_ and behaviour was obtained fro. visual obaerYatiCJDB of 
the llixtures during tests. 
Pipeline pressure gradients were E88Ul'ed for horiZlDlltal and. 
vertical down flow in 25 _, 40 _ and 80 _ noaiJBl. bore pipelines. 
Pressure gradients for vertical up flow were also IEa8Uftd in the 
25 .. ~ bore pipe loop. C1clooe classified tailircs were 
tested frau fom" .mea (Blyvooruitsia, Bast Driefmtein, Vaal Reefs 
and Western Deeps). 
'ftle. following ~ts were -.de durirc the. tests - pressure 
gradient, mean Idxture veloci t7, solids conoentratim and slUl"r'T 
temperature. Solid particle properties such as particle size 
distributim, particle shape factor, solids relative densit7, 8IIIIle 
of internal frictim and the ~c coefficient of slidi.JC friction 
were dete1'llined for each .. terial. 
4.2 Coefficient of slidinc· frictim bet".,. solid mrtioles II¥I pipe 
WI - !)ym+cr 3 
Due to the i.JIIportance of wd-deal slidinll frictim to the ene~ 
1088 of hi.ib ooncentratim Idxtures, an apJBl'Bt\.8 MIll built to 
inveBtiaate the ~c coefficient of slid.irc friction. '1be 
~ters ~tiaated were particle size distributiOll, speed of 
slidinl and solids concentratim. 
4.3 Review of existine dense rtw,e .ooe1.s - g.pter 4 
'1be Streat (1986) dense Jlhue 1IMJde1 for boriZOlltal flow is revietted. 
Streat (1986) and Wi180ll et III (1979) anal.7aes of hitb oonoentratim 













4.4 Deyelmemt of MJlMmistic uiel - Chapter 5 
'lbe IlleCbanistic model for the hiP concsltratiOll flow of set.t1iJC 
mixtures is based on the aovemi.JC differential eq\Btion describirC 
the velocity distribution in a pipeline COIl~ a solid liquid 
mixttn-e. 'Ihe differential eqt.Btion is derived by oonsiderina the 
Cauchy IIICIIel'ltla equatiODS for the solid am liquid Pmaes of the 
flow. Bo\.mdary cordi. tians particular to hiib conoentratiOD shrries 
are applied to the differential equation which is solved \.Bina the 
finite element method. 
4.5 Evaluation of model - Chapter 6 
'11le mechanistic dense phase .odel 18 ccwpu'ed with the experiJEnt.al 












5. CHAP1'BR stIttARY 
'!be objective of this investUatiml is to develop a wriumistic 
.. 1 to predict pipeline pressure ~ents for the flow of hi.ch 
concentration cyclone classified tailings backfill slurries. 
'1be investUation consists of experiEntal BDi analytical 
caIPJ(leIlts. Pipeline pressure ~ents BDi the ~c coefficient 
of slid.ing friction between the particles BDi pipe 1oBl.l are 
experimentally measured. An analytical axlel which describes the 
flow mechaniSIIB of high concentration settl~ mixtures BDi predicts 
pipeline pressure ~ents is developed. 1his.:del is eval\Bted 























EXPBRIMENTAL INVBSTIGATICN I 
prpm,TNB TBSTS 
1. INTRODUCTION 
The experimental investigation of the flow of high concentration 
backfill slurries entailed the development of new pipeline test loops 
and operating procedures compared with previous experimental work done 
with lower concentration mixtures (Sive and Lazarus (1989». Two test 
facilities were built for the investigation - a 25 nm nominal bore test 
loop, and a test facility with 40 nm and 80 nm nominal bore pipelines. 
These test loops are described and the operating procedures discussed. 
Experimental errors are evaluated for all measurements. 
The methods used to characterise the solid particles (particle size 
distribution, particle relative density, particle shape factor, angle of 
internal friction and the coefficient of sliding friction between the 
slidirig particles and pipe wall) are discussed. The properties of the 
cyclone classified tailings from four mines (BlyvooruitsilC, East 
Driefontein, Vaal Reefs and Western Deeps) tested in this investigation 
are presented and discussed. 
The pressure lrBdient data and flow observations from the pipeline tests 
are graphically presented as sUlllllB.ries of the test data base. The 












2. PIPELINE TEST APPARATUS AND OPERATING PROCEDURE 
2.1 Description of test IQQps 
Figure 2. 1 shows the layout of the 25 DDl NB test loop, while the 
40/80 DDl NB test facility is illustrated in Figure 2.2. 1be design. and 
layout of the two facilities is similar. Table 2.1 shows the relevant 
parameters for each pipe loop. Each facility has the following 
components 
(i) ~!~_~~~E 
1be hoppers are circular with conical bases. 1be slurry in 
each hopper is mixed using a mechanical agitator to ensure a 
consistent slurry mixture. 
(ii) ~!~_~ 
TIle total flow fran the pipe loop may be diverted to the sample 
tank to determine the slurry relative density and verify the 
flow rate. TIle sampling tank is suspended from a mass scale. 
(iii) Ce t Of 1 __ ~_E!_~ __ ~ 
TIle slurry is pumped around. the test loop using a centrifuaal 
pump driven by a variable speed hydraulic motor. 
(iv) !!~~_~~~~E 
An inline heat exchanger is used to reduce the heat build-up in 
the system in order to maintain a constant slurry temperature 
during a test. 
(v) ~!~!!~ 
The pipe loops are constructed from AS'IM AI06 Grade B seamless 
carbon steel pipe. 
(vi) Clear section 
TIle clear section of polyvinyl chloride (PVC) pipe permits 












TABLE 2.1 Pipe loop parameters 
40/80 mm NB Facility 
System Parameter 25 mm NB Loop 40 mm NB 80 mm NB 
Slurry hopper volume ('-) 80 450 
Sample tank volt.me ('-) 8 30 
Pipe schedule 40 40 80 
Internal diameter (mm) 26,6 40,0 73,4 
Internal diameter of 
clear section (mm) 28,0 46,0 71,0 
Length of clear section (mm) 200 2050 1950 
Centrifugal pt.IDp Warman 1~1 Warman 3/2 
steel casing rubber lined 
Rotational speed. of 
agitation impellor (rpn) 29 30 
Diameter of agitation 
impellor (mm) 420 900 
(vii) ~!!~_~EE!~! 
Differential pressure measurements are made at three locations 
(horizontal, vertical up ar¥i vertical down) in the 25 mm NB 
loop, ar¥i at two locations (horizontal and vertical down) in 
the 40/80 mm NB facility. The pressure measurements are made 
using static pressure tappings located in the pipe wall. To 
ensure accurate pressure measurements the tappings have length 
to diameter ratios greater than four (Sive 1988). The tappings 
were drilled to a diameter of 3 mm. Great care was taken to 
ensure that the tappings were burr free inside the pipe. Each 
tapping is connected to a solids trap to ensure that the 
manometers are isolated from the slurry in the pipeline. 
Hanks (1981) recoomends that a length of unobstructed straight 
pipe be installed prior to the measuring section to ensure that 
all disturbances introduced by the punp and fittings are 
completely damped. This flow developnent or "calming length" 
should be at least 50 pipe diameters 19n9 for turbulent flow of 
Newtonian fluids. The pipe loops were designed. to meet this 












25 mm NB TEST FACILITY 
Pipe loop dimensions (mn) 
Loop o b c d e f g h 
26.6 1350 800 650 - 1700 500 650 950 500 500 
Rltio of pipeline dimensions to internll pipe diameter 
Loop lID bID clO dID elO flO glO hID ilO 
25 II1II HI 50.8 30.1 24.4 63.9 18.8 24.4 35.7 18.8 18.8 
., 
-----Magnetic Flow Meter 
..-.~-- Slurry Agitator 
~---:~--Sampling Tank 

















40 mm / 80 mm NB TEST FACILITY 
( ~I 
Pipe loop dimensions (II1II) 
Loop 0 a b c d e f 
40 II1II NB 40.0 4885 1000 3270 3020 1000 700 
80 II1II NB 73.4 3845 1500 3200 3220 1500 1300 
Ratio of pi pel ine dimensions to internel pipe di .. ter 
Loop aiD 
40 II1II NB 122.1 
80 II1II NB 52.4 
Clear 
Viewing Section 
biD c/D diD e/D flO 
25.0 81.8 75.5 25.0 17.5 
20.4 44.0 43.9 20.4 17.7 
Heat exchanger -~~ ____ --.;. __ ... 
Slurry Agitator 
Sampling Tank-_____ ... 















The magnetic flow meter which consists of a detection head and 
signal converter, provides a current output which is 
proportional to the mean flow rate regardless of the fluid. 
(ix) ~~~~~_~~_~_~!!~~~~!!!_~~~~~_~~~~~~ 
Figure 2.3 shows the cormection of the air over water manometer 
board, differential pressure transducers and static pressure 
tappings for one differential pressure measurement·. The glass 
manometer tubes have an internal diameter of 6 DIll and a length 
of 1,8 m. The following operations are performed fran the 
manometer board : 
(a) The air is flushed out of the manometer tubes. 
(b) The differential pressure transducer is flushed to 
remove any trapped air. 
(c) The cormection lines and isolation pods are flushed to 
remove any solids or air. 
(d) The differential pressure transducer is calibrated by 
setting up differential heads Ah. 
(e) The differential tapping pressure may be read using the 
air over water manometer. The air pressure in the 
manometer tubes is matched to the pipeline pressure to 















High Pressure Water 




ST : Static PipewaJl Pressl.re Tapping 
























(f) Read differential tapping preSsures using the pressure 
transducer. 
(g) Read the differential tapping pressures using both the 
air over water manometer and the pressure transducer. 
Table 2.2 shows the valve positions for these operations. 
TABLE 2.2 Mananeter valve positions 
o = Open C = Closed - V = Variable 
Valve (see Figure 2.3) 
A B C D E F G H I J K L M N 0 
0 0 C C 0 C C C C C 0 C C C C 
0 0 0 0 0 0 0 C C C C C C C C 
0 0 C C C C C 0 0 C C V V V V 
V V 0 0 0 C C V V V C V V C C 
C C C C 0 C C 0 0 V C 0 0 C C 
C C 0 0 C C C 0 0 C C 0 0 C C 
C C 0 0 0 C C 0 0 V C 0 0 C C 
2.2 Measured variables 
2.2.1 Slurry relatlye denSity 
This investigation is concerned with the dense Jimse flow of high 
concentration slurries. For these mixtures the concentration 
distribution is taken to be haoogeneou& across the pipe section, thus 
the delivered and In sHu mixture relative densities (and voll.llletric 
concentrations) are taken to be equal. 
The relative density of the slurry is found by diverting the flow to the 
sample tank and perfonning a relative density test. Referring to Figure 
2.4 the relative density test is conducted as follows 












~!:~E_~: Fill the sample tank with water to a predetennined level AA (a 
hole in the ,side of the tank), and. obtain the mass of the tank and. water 
M,w. Thus the volume of the tank is 
'YT 
(M,w - t1re) 
(2.1) = 
Pw 
where Pw = density of water at measurement temperature • 
Empty the tank of water and. fill with a sample of slurry, 
ensuring that the slurry does not rise above level AA. Measure the mass 
of the tank and. slurry sample M.rm. The mass of the slurry sample is 
(2.2) 
~!~E_!: Fill tank up to level AA with water. Measure the mass of the 
tank plus sample plus added water l1rw. The voll.Dlle of water added is 
'Y = w 
Thus the voll.Dlle of the slurry sample is 






This procedure is repeated from Step 3 for subsequent slurry relative 
densi ty measurements. To ensure an accurate measurement for slurry 
relative densities greater than 1,80 it is necessary to vibrate the 
sample to remove air entrained during sampling. The sample is vibrated 




















Iii I SUry ~lr. 
Step 2 Step 3 Step 4 
Slurry relative density test 
- Magnetic Flow Meter 
Calibration Tank and Scale-












2.2.2 Slurry flo! rate 
'1be sl\llTY flow rate is primarily determined from the output of the 
magnetic flow meter. '!be accuracy of the IIIB.Irnetic flow meter output the 
is checked by timing (t) the collection of a lmown volume ('Ym) of 
sample. '1be flow rate is calculated as follows : 
(2.6) 
where t = sampling duration. 
'1be ma,gnetic flow meters have a linear relationship between the flow 
rate and current output, Le. 
~ = mmaa i + Cmag (2.7) 
where i = current output 
mmaa = slope of calibration line 
cmaa = calibration line intercept. 
'lhe magnetic flow meter is calibrated with clear water flowing through 
the pipe loop as shown in Fiaure 2.5. Water is supplied to the sl\llTY 
hopper which is p.mped throUldl the pipe loop (the water is not 
recirculated) • 'lbe flow at the end of the pipe loop is diverted to a 
100 t calibration tank to determine the flow rate corresponding to a 
particular m&anetic flow meter output. 'lbe flow rate is calculated from 
the DlB88 of the water sample and the sampling duration. To ensure that 
the flow rate does not vary during sampling the following precautions 
are adopted : 
(i) 'lbe water level in the sl\llTY hopper is kept constant by 
matching the water supply rate and the p.mp rotational speed. 
( ii ) 'lbe pipeline outlet is kept at a fixed level. 
Calibration data points (lIIBICnetic flow meter output and flow rate) are 












The flow range is from zero to a flow rate corresponding to a mean 
mixture velocity of 4 mls. The calibration curve is obtained. from a 
least squares linear regression analysis. For the calibration to be 
accepted the correlation coefficient R should be between 0,99 and 1. 
The correlation coefficient is defined as : 
R = n :txy - Ex Zy 
where, in this case, 
x = flow rate 
y = magnetic flow meter output 
n = nl.lllber of data points. 
2.2.3 ~lxture head loss 
(2.8) 
The head loss of mixture in mri ts of water i , shown in Figure 2.6, is m 
defined as : 
(2.9) 
where 6h = measured water head difference 
L = distance between pressure tappi~s. 
The water head difference 6h is measured with a differential pressure 
transducer. 'lhe output of the differential pressure transducer lIBy be 
verified. by simultaneously readi~ 6h with the air over water 
monameter. 
'lhe differential pressure transducers have a linear relationship between 
applied water head differential and current output, Le. 
6h=m i+c press press 
( 2.10) 
where m = slope of calibration line press 











L sin <p 
Figure 2.6 
2.13 




Definition of mixture head loss 
The differential pressure transducers are calibrated by sett~ up 
various water height differentials on the IIBIlOIDeters and recording the 
transducer current output. The All range used. for the calibration is 
o to 1 800 DIll. The calibration curve is obtained. from a least squares 
linear regression analysis, and checked. us~ the correlation 
coefficient R (equation 2.8). 
Note that All incltdes canponents due to friction losses as well as the 
weight component of the solids liquid mixtures. In downward slopina 












2.2.4 Internal pipe dlaweter 
'lb.e internal pipe diameter is obtained by detennining the mass of water 
required to fill a lmown length of pipeline. 'lb.e internal pipe diameter 
is calculated as follows : 




= d.ensi ty of water at measurement temperature 
= length of pipeline. 
2.2.5 Slurry te.perature 
(2.11) 
'!he slurry temperature is measured using a temperature probe located in 
the slurry hopper. 'lb.e probe has a linear relationship between 
temperature and current output. '!he probe is calibrated b7 comparing 
temperatures measured. usina a mercury thermaneter with the probe's 
current output. '!he calibration curve is obtained fran a least squares 
linear regression analysis. '!he linearity is verified usil'l8 the 












2.3 Derived variables 
2.3.1 Solids volumetric concentration 




s = m 
s - S m w 
S - S s w 
relative density of slurry 
(2.12) 
S = w 
S = s 
relative density of water at measurement temperature 
relative density of the solid particles. 
2.3.2 Hean mixture yelocity 





2.3.3 Pressure gradient 
(2.13) 
Referring to Figure 2.6 the pressure difference between points 1 and 2 
is : 
= (6h + L sin .) p g w 
'!hus the prel!!sure gradient may be written as 
where 
~p 
L = (i + sin.) p. g m w 
. 6h 













'!be pressure gradient to overcome frictional forces (total. pressure 
gradient - weight canponent) is found from : 
(AP) = ~ - Sm p g sin • L fric 1.1 (2.15) 
where • = slope of pipeline. 
2.3.4 Pipe rgughness 
The hydraulic roughness of the pipe, k is determined from a clear 
water test. The hydraulic gradient is measured for velooi ties ra.rJging 
from 0 to 4 mis, and the pipe I'Ol.Chness evaluated us~ the Colebrook 
White formulation : 
1 = - 4 log [ k + 1,26 ] (2.16) - 3,'/ D 
.JT Re.JT 
i g D 
where f friction factor w = = 
2 VZ 
Be Reynolds nunber VD = = II 
i = water hydraulic gradient w 
V = mean water velooi ty 
II = kinematic coefficient of viB008ity far water. 
2.4 Experimental. prooedure 
The data logging configuration used far recording the test data is shown 
in Figure 2.7. '!be data logger converts the analogue signals fran the 
pressure transducers, magnetic flow meter and temperature probe to 
digi tal. signals which are read by the computer. These readings are then 
converted to engineerina l.Dli ts using the calibration constants. OUtP1t 
from the computer may be to the monitor, printer or plotter. 
Sive (1988) and Sive and Lazarus (1989) statistically evaluated each 
data point duriD8 a test nm to dete~ whether it should be accepted 
or rejected. This procedure, developed. by Sive, was found to be 
inappropriate for data logging hiah concentration slurry tests due to 
the 10118 period required to caaplete a set of data points (90 minutes to 





















Figure 2.7 Data logging configuration 
PRINTER 
PLOnER 
pipe loop it was fotmd to be of utmost importance to keep the test 
duration short to minimise particle degradation and the subsequent 
change in particle size distribution. '!hus the measurement philosophy 
adopted is to read as much data as possible in as short a time period as 
possible. Outliers, for example caused by a blocked pressure tapping, 
are removed from the data set after the test. '!he test procedure 
described below keeps the average test time to 20 minutes, thus 
mdniDdsing the effect of particle degradation. 
'!he experimental test procedure is presented in Figure 2.8. '!he main 
test activities are as follows : 
(i) Calibration 
'!he magnetic flow meter, differential pressure transducers and 
temperature probe are calibrated prior to testing. '!hese 












SYSTEM START UP PROCEDURE 
Check transducer outputs. 
Turn on heat exchanger and slurry agitator. 
Flush pressure lines. 
Initialise data logging program. 
Start pump. 
SET SLURRY CONCENTRATION 
.----~ Drain some slurry from the hopper. 
Add fresh dry solids to hopper. 
SET MEAN MIXTURE VELOCITY 
Set the mixture velocity by varying the 
pump rotational speed. . 
FLOW OBSERVA TtONS 
Record the flow observations in the clear 
section of pipeline. 
DATA LOGGING 
Check that the transducer output is OK. 




Collect a sample of slurry from pipeloop 
for particle size distribution analysis. 
~LURRY RELATIVE DENSITY TEST 
Perform a relative density test on a 
sample of slurry to determine the solids 
concentration. 
-Yes 














The system is filled with water and. the transducer outputs 
checked. The heat exchanger and. slurry agitator are turned on. 
The manometer tubes, connection lines and isolation pods are 
flushed. The pressure, tapping valves MandL (Figure 2.3) 
are closed. The data lo"ing program is loaded and. 
initialised, and. the pump started. 
Concentration 
The starting concentration is 'obtained by draining water from 
the hopper and. loading solid material into the hopper while the 
pump is running. The system is always operated with the pipe 
loop outlet subnerged below the water level in the hopper to 
avoid air entrainment. 
The concentration is increased by draining some slurry from the 
hopper (done by diverting the pipe loop flow), and. adding fresh 
solids to the hopper. In this way new solids are introduced 
into the system for each data set (one slurry relative density) 
in an attempt to maintain a constant particle size distribution 
for the test series (i. e. some of the degraded particles are 
replaced. with fresh particles). 
This procedure for increasing the slurry concentration is 
continued until the maximum pum:pa.ble concentration is reached. 
Note that this is a characteristic of the system - i.e. 
dependent on the pump discharge pressure and. the total pipeline 
friction losses. 
(iv) Y~!~!!:l 
The slurry velocity is set by varying the pump speed. using the 
variable speed. hydraulic drive. The test is started at the 
maximum velocity required (3~5 mls) or the maximum attainable, 












After the velocity has been set the pressure tapping valves M 
and L (Figure 2.3) are opened and water flushed through the 
tapping to remove any solids. The manometer board is set to 
read the differential pressures with the transducers only. It 
was fO\.md that if the air over water manometers were used the 
tappings blocked with solids due to the fluctuating water 
levels in the manometer tubes. For the clear water tests the 
air over water manometers were also used as the air helped 
dampen the pressure fluctuations. 
The tubes connecting the pressure tappings to the manometer 
board are slightly expandable. It was fol.D1d. that if the test 
was started at a low velocity and increased solids were forced 
through the tapping by the increased pipeline pressure. By 
starting at the maximum velocity this effect is reversed thus 
avoiding tapping blockage. 
(v) Flow observations 
Observations are made of the mixture flow behaviour in the 
clear horizontal secti n of pipeline. The length of the clear 
section of pipeline in the 25 DIll NB loop was fol.D1d. to be too 
short to yield reliable results. 
(vi) Data logging 
The data logging program reads output from the p~essure 
transducers, magnetic flow meter and temperature probe. A data 
point comprises the average of 10 readings recorded over a 
3 second time period. The channels are read sequentially -
i. e. all the instrumentation outputs are recorded over the 












The results of each group of average values is printed.. A 
graphical output of the variation of the pressure differences 
wi th velocity may be obtained on the canputer monitor at any 
stage of the test. '!be operator decides whether suffioient 
data points have been made at a velocity setting by examining 
the spread of data and comparing the current data points with 
those obtained at previous velocity settings. Normally 3 to 4 
groups of readi~s are recorded at each velocity. 
If it is apparant that there is a problem with one of the 
transducer outputs (e. g. blocked pressure tappina) corrective 
action is taken by operator (flushing water throuah the 
tapping) before proceeding with the test. 
(vii) ~!~_~!~ 
On completion of each set of data points (one concentration 
with. a I'8l'Jge of velocities) a sample of slurry is taken fran 
the discharge of the pipe loop for particle size distribution 
analysis. '!be volllDe of sample taken is one litre. 
(viii) ~!~_~la~!Y~_~~!~l 
On completion of each set of data points a slurry relative 
densi ty test is performed as ~ribed in Section 2.2. 1. The 













2.5 Experimental errors 
Considering quantity X to be a fl.mCtion of several measurements, i. e. 
X = fn (a, b, 0, ••••••• n) 
Brinkworth (1968) defines the highest expected. error as 
SX 2 2 (ax) 2 2 (~) 2 (r)exp = (n) on X n 
where X = value of quantity 
aX = error in X 
n = measured. variable value 
Sn = error in n. 
2.5.1 Slurry relative density 
The slurry relative density is calculated. using equation (2.5) 
S 
m 
Thus from equation (2.18) we get 
(2.17) 
(2.18) 












a S 1 where m arr = 'Ym Pw m 
a S -M m ID 
aT"" = m .,a p m w 
a S. -M m 
a Pw = 'Y p,a m w 
The volumetric concentration of the solid particles is calculated fram 
equation (2.12) : 
S - S 
C = m w 
S - S s w 
The highest expected error in C f~ equation (2.18) is 
[~]exp = [ :tr [~r [~r 
+ [ : ~J · [~ ]' [~r (2.20) 
where a C 1 ClT = S - S 
ID S W 
a C - (S - S ) ID W 
erg- = 
s (9 - 8 )a s w 
Table Z. 3 shows the measurement 8OCUl'8Ciea and the hiahest expected 
errors in SID and C for a typical relative density test. Figure 2.9 
shows the variation of the hiahest expected error in C wi til solids 












TABLE 2.3 Expected highest error - 8m and C 
Variables 25 DB NB loop 40/80 lID NB loops 
I 
S 1,80 1,80 m 
M (ki) 17,94 ± 0,05 53,84 ± 0,05 
m 
'f (kg) 10,00 ± 0,05 30,00 ± 0,05 m 
p (ki/m-) 25° ± 1°C 997,1 ± 0,3 997,1 ± 0,3 w 
~ S 0,010 0,003 
m 
% Error in 8m 0,57 0,19 
C (%) 48,48 48,48 
S 2,65 ± 0,01 2,66 ± 0,01 s 
~ C (X) ± 0,69 ± 0,35 
% Error in C 1,42 0,71 
2.0 ERROR ANALYSIS - SOLIDS CONCENTRATION 
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2.5.2 Slurrv flow rate and mean mixture velocity 
The magnetic flow meter is calibrated. by eli verting the flow to a 
calibration tank and determining the mixture flow rate. The mixture 
flow rate is calculated. from equation (2.6) : 
The highest expected. error in the magnetic flow meter calibration is 
found from equation (2.18) 
[~]~ = [~r [~J' [~J' 
+ [ :~J' [~r [6~w r 
+ [d]' [tJ' [~J' (2.21) 
where 
a~ 1 
aFr = P.t m w 
a~ - M w 
ap = 
W p2 t w 
a~ - M w 
at = P t 2 
W 
The highest expected error in the magnetic flow meter output is found by 
adding the transducer error to the highest expected. calibration error. 














The highest expected. error in the mean mixture velocity is obtained. from 












Table 2.4 shows the measurement accuracies, transducer accuracies and 
highest expected errors in ~ and Vm at a mean mixture velocity of 
3 m/s. . Figure 2.10 shows the variation of the expected highest error 












TABLE 2.4 Expected highest errors - Q and V m m 
Variables 25 DIll NB 40 DIll NB 80DIIlNB 
.~ (lIs) 1,67 3,77 12,69 
M (kg) 70,00 ± 0,05 70,00 ± 0,05 70,00 ± 0,06 m 
Pw 
(kg/m») 18° ± l°e 998,7 ± 0,3 998,7 ± 0,3 998,7 1: 0,3 
t (s) 36,0 ± 0,25 15,0 ± 0,25 4,7 ± 0,25 
l5 ~ (lIs) ± 0,009 ± 0,050 ± 0,574 
% ~ Calibration error 0,60 1,35 4,53 
Transducer error (") 1,00 1,00 1,00 
" Error in ~ 1,60 2,35 5,53 
Total l5 '\. (t Is) ± 0,03 ± 0,09 ± 0,70 
V (m/s) 
m 
3,00 3,00 3,00 
D (nm)* 26,6 ± 0,12 40,0 ± 0,08 73,4 ± 0,22 
l5 Vm (m/s) 0,017 0,040 0,135 
" Error in V 0,58 1,33 4,52 m 
* See Table 2.6 
8.0 
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2.5.3 Hydraulic gradient and pressure gradient 
TIle mixture hydraulic gradient is evaluated fran equation (2.9) 
As the water head differential All is measured usina a differential 
pressure t.ransd.ucer,the measurement of Ah will contain a calibration 
error and a transducer error. 'lbe calibration error in reading All 
from the manometer is .± 2 11m. The transducer error is 0,1% of the full 
scale transducer calibration (2 m), Le. :!: 2 DIll. 'lbus the total error 
in measurement All is :!: 4 BDl. Fran equation (2.18) the highest 





d6Ii = y; 
a i -Ah m 
ar;- = - . La 













Fran equation (2. 18) the highest expected error in ~ is 
where = g i m 
(2.24) 
The measurement accuracies, transducer accuracies and highest expected 
errors in ~ and ~p are presented in Table 2.5 for a 4h reading of 
500 lim. Figure 2. 11 shows the variation of the expected highest error 
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2.5.4 Pipe diameter 
'!he internal pipe diameter is calculated using equation (2. 11 ) 
D = ~. p. n L w 




n-w = J 
= [Hr,;]' [;]' [~]' 
+ [ aD r a"'t' [~r [~]' 
+ [ aD ]' a Pw 
[~ ]. [8~w]' 
1 
p. nLM w w 
(2.25) 
The ~t accuracies and expected highest errors for the three 












TABLE 2.6 Expected highest errors - D 
Variables 25 DIll NB 40 DlDNB 80 DID NB 
D (m) 0,0266 0,0400 0,0734 
M (kg) 2,22 ± 0,02 5,02 ± 0,02 16,90 ± 0,1 w 
L (m) 4,00 ± 0,005 4,00 ± 0,05 4,00 ± 0,05 
Pw (kg/ml) 18° ± 1°C 998,7 ± 0,3 998,7 ± 0,3 998,7 ± 0,3 
6 D (DID) 0,12 O,OS 0,22 
% Error in D 0,45 0,21 0,30 
2.5.5 Slurry temperature 
The slurry temperature is measured using a temperature probe. The error 
in the measurement will contain canponents due to the calibration and 
the transducer errors. The calibration error in reading the mercury 
thermometer is 1°C. The transducer error is 1% of the full scale 
calibration (lOOOC) Le. 1 DC. Thus the accuracy of the temperature 
reading is ± 2°C. 
oruitsig 
90 Driefontein 
X Reefs CCT 
80 A Western Deeps CC 













3. EVAUJATI~ OF SOLID PARTICLE CHARACTERISTICS 
'!he following tests to characterise the solid particlea were measured 
independent of the pipe loop ~ts. Table 2.7 B\.IIJDB,rises the test 
results. 
3.1 Solids relative density 
The relative density of the solid particles is obtained uing the 
procedure specified in BS1377 (1975}, Methods of test for soils for 
Civil Engineering purposes, Test 6(B):. Determination of the specific 
gravity of fine grained soils. '!he Blyvooruitsig solid particles have a 
relative density of 2,66 compared with 2,65 for the other lI&terials. 
3.2 Particle size distributign 
'!he particle size distributions of samples taken, after each pipeline 
test, were obtained using a Malvern 2600/3600 particle sizer. '!he 
particle size distributions for each test are included in the pipeline 
test data base in tabular and graphical form. As the Blyvooruitsig 
material contained particles greater than 564 J.ID. this DBterial was 
sieved and the particle size distribution of the -425 J.ID fraction 
obtained using the Malvern particle sizer. 
Figure 2. 12 canpa.res the four classified tailings materials tested by 
plotting the mean particle size distrib.ttion of each material. The 
Western Deeps material contains the highest percent.age of fines (10,4% 
less than 10 J.ID) and has the smallest d50 particle size (115 ,a), 
while the Bl)rvoorui tsig IIBterial has the least percent.age of fines (3, ~ 
less than 10 J.ID) and the largest dso particle size (232 JAIl). '!he East 
Driefontein and Vaal Reefs material. have similar d 50 particle sizes 
(151 J.ID and 148 J.ID respectively), alt.houah Vaal Reefs has a higher 
peroentaae of fines (6,0% less than 10 J.III1 caopared with 2,7%). Table 












TABLE 2.7 Solid Particle properties 
Material . Blyvooruitsig East Driefontein Vaal Reefs Western ·Deeps . 
Ss 2.66 2.65 2.65 2.65 
* (p.m) 92 68 21 10 d10* 
d50* (p.m) 232 151 148 115 d 90 (p.m) 465 248 262 230 
Sf (211-300p.m) 0.88 0.80 0.79 0.71 
Sf (300-355p.m) 0.89 0.75 0.73 0.73 
Sf (355-425p.m) 0.90 0.77 0.77 0.69 
Cmin (% by vOl) 48.0 45.6 46.0 49.0 
650%+ (deg) 27.3 28.2 26.3 33.8 
P.d 0.44 0.37 0.46 -
* typical, values 




= Relative density of solid 
= Particle shape factor 
= Freely settled particle 
concentration 
particles = particle size such that 50 % by 
weight of particles are < than d 50 = internal angle of friction 













3.3 Particle shape factor 
The settling velocities of particles were determined by measuring the 
travel time through water over a known distance. The settling velocity 
of an equivalent diameter sphere is calculated and hence the particle 
shape factor obtained. The shape factor is defined as the ratio of the 
particle settling velocity to the settling velocity of an equivalent 
diameter sphere. 
The particle shape factor was obtained for various size fractions 
( i. e. between two sieve sizes d1 and ~ ) • The representa ti ve 
particle diameter is calculated as the geanetric mean, 
Table 2.7 shows the measured shape factors for the four materials in 
three size ranges (211 J.Gl to 300 J.Gl, 300 J.Gl to 355 J.Gl, and 355 J.Gl to 
425 J.Gl). The Blyvoorui tsig materials has the highest shape factor (most 
spherical) and the Western Deeps materials the l~st shape factor 
(least spherical). 
3.4 Particle micrographs 
To obtain a qualitative indication of the particle shapes, micrographs 
were taken of the samples using an electron microscope. Figures 2.13 
and 2. 14 show micrographs of the East Driefontein and Vaal Reefs 
classified tailings ~terials. The scale is located in the top border 
of each photograph. The particles are seen to be highly angular due to 
the crushing and grinding stages of the mineral extraction process. 
3.5 Freely settled particle concentration 
The freely settled concentration of the solid particle matrix is 
detennined using the following procedure : 
( i ) From the oven dry mass and solids relative density of a sample 
of material calculate the sample volume. 














Slowly pour the solid particles into the measuring cylinder. 
The particles settle freely through the water and assume their 
freely settled (or loose poured) concentration. This 
concentration is taken to be the minimum possible with the 
solid particles in contact. 
( i v) After 24 hours, read the volume occupied by the solid particle 
matrix from the measuring cylinder. The freely settled 







= volume of solid particles 
= volume occupied by solid particle matrix. 
Table 2.7 shows the measured values for the freely settled particle 
concentration. The Blyvooruitsig and Western Deeps materials have the 
highest values (48,0% and 49,0% respectively), while the values for East 
Driefontein and Vaal Reefs are similar (45,6% and 46,0% respectively). 
3.6 Internal angle of friction of solid particle matrix 
The subnerged internal angle of friction is obtained usina a rectangular 
box with a central opening in its base as shown in Figure 2.15. This 
apparatus has been described by Zenz and Othmer (1960) for determining 
the internal angle of friction for dry particulate materials. The box 
is made from clear perspex and has dimensions of 300 mm lang, 75 DIn high 
and 20 11m wide, with a 12 JIm central opening in the base. The test 
procedure is as follows : 
(i) The hole in the base is plugged, and the 1xDc half filled with 
de-aired water. 
(ii) A predetermined volume of solid particles are slowly poured 
into the box. Care is taken to ensure that the solid particles 
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The packing density is varied by placing the box on a vibrator 
to compact the solid particles for various time periods. The 
volume occupied by the solid particles is determined from the 
height of the solid particle sample and the geometry of the 
box. The concentration is calculated using equation (2.26). 
(iv) The box is sutmerged in a tank filled with water and the plug 
in the opening in the base removed. The solid particles pour 
out and form a v-shape as shown in Figure 2.15. The internal 
angle of friction is measured using a protractor. 
Figure 2. 16 shows the sutmerged internal angle of friction increases 
wi th solids concentration for the four samples tested. The measured 
values for the Western Deeps material are much higher than the values 
for the other materials. The Western Deeps material contains a high 
percentage of fines and appears to form a non-Newtonian mixture at high 
solids concentrations. It is likely that the high observed "apparent" 
angles of friction are caused by the yield stress of the mixture. Table 
2.7 compares the internal angles of friction of the four materials by 
extrapolating the curves to a solids concentration of 50% by volume. 
3.7 ~c coefficient of sliding friction of solid particles 
The dynamic coefficient of sliding friction is measured using the 
rotating disc apparatus described. in detail in Chapter 3. The 
frictional resistance between the particles (held stationary in annular 
channel) and the rotating disc is measured for various normal loadings. 
The coefficient of friction, JJ
d 
is calculated as the slope of the 
frictional resistance - normal loading curve. 
The dynamic coefficient of friction was found to be independent of 
veloci ty. Table 2.7 shows the measured values of the dynamic 
coefficient of sliding friction JJ
d
• No reliable measurements were 
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4. PIPELINE TEST RESULTS AND DISCUSSION 
The pipeline test results are presented in Appendix A - Cyclone 
Classified Tailings Pipeline Test Data Base. Table 2.8 presents the key 
to the data base. Each test result contains the following : 
( i ) A table of experimental measured. data points, i. e. mean 
mixtm-e velooity, pressure gradient and slurry temperature. 
Figure 2. 17 shows how the pressure gradient is defined for 
horizontal and vertical downward flow. 
( ii) 
(iii) 
A table showing the particle size distribution of the sample 
taken at the end of the test. 
In the case of the results for horizontal flow in the 40 mm and 
80 mm NB pipe loops, a table of observed flow conditions versus 
mean mixture velooi ty. 
( i v) A graph of measured pressure gradient versus mean mixture 
velooity. 
(v) A plot graphically showing the particle size distribution of 
the sample taken at the end of the test. 
Each test result has an assooiated data file name which is used to refer 
to the test data. The file name has the following format : 
TABJ.E 2.7.2 
General Format MI'DIGSHF 
Code Field Description Example 
Ml' Material type VR = Vaal Reefs 
DI Pipe diameter 80 = 80 mm NB 
G Pipeline gradient H = horizontal 
D = vertical down 
SM Mixture relative density 75 = 1,75 
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Pressure gradient, I::!.P = 2 P2 
L L 
Figure 2.17 Pressure gradient definition 
Figure 2.18 &hows the particle size distribution of samples taken at the 
beginning and end of the series of tests on the Vaal Reefs slurry in the 
40 Dm NB pipeline. There is a slight increase in the fines content of 
the sample taken after the last test (relative density 1,86) compared 
wi th the sample taken after the first test (relative density 1,71). A 
similar trend is seen for the WesteIn Deeps test series in the 80 DIll NB 
pipeline as shown in Figure 2. 19. 
In the following discussion of the test results all the teats 
corresponding to a particular backfill material are considered to be of 
a similar material. The mechanistic analysis (Chapters 5 and 6) uses 












TADLJ:j ~.II : Key to Cyclone Classified Tailings Data Base TABLE 2.S : Key to Cyclone Classified Tailings Data Base cont. 
Classified No.inal Pipeline Solids Data Base Data Base Classified Nominal Pipeline Solids Data Base Data Base 
Tailings Pipe Bore Slope Conc. File Page Tailings Pipe Bore Slope Conc. File Page 
Material (-) (degrees) (% by vol) Name Number Material (mm) (degrees) (% by vol) Naae Nuaber 
Blyvooruitsig 25 0 37.3 BV25H62U A. 2 East Driefontein 25 -90 4l.S ED25D69U A. 49 
Blyvooruitsig 25 0 39.2 BV25H65U A. 3 East Driefontein 25 -90 45.5 ED25D75U A. 50 
Blyvooruitsig 25 0 44.6 BV25H74U A. 4 East Driefontein 25 -90 47.9 ED25D79U A. 51 
Blyvooruitsig 25 0 46.4 BV25H77U A. 5 East Driefontein 25 90 33.3 ED25U55U A. 52 
Blyvooruitsig 25 0 4S.S BV25HS1U A. 6 East Driefontein 25 90 40.0 ED25U66U A. 53 
Blyvooruitsig 25 -90 37.3 BV25D62U A. 7 East Driefontein 25 90 4l.S ED25U69U A. 54 
Blyvooruitsig 25 -90 39.2 BV25D65U A. S East Driefontein 25 90 45.5 ED25U75U A. 55 
Blyvooruitsig 25 -90 44.6 BV25D74U A. 9 East Driefontein 25 90 47.9 ED25U79U A. 56 
Blyvooruitsig 25 -90 46.4 BV25D77U A. 10 East Driefontein 40 0 4l.S ED40H69U A. 57 
Blyvooruitsig 25 -90 4S.S BV25DSlU A. 11 East Driefontein 40 0 43.6 ED40H72U A. 5S 
Blyvooruitsig 25 90 37.3 BV25U62U A. 12 East Drief,ontein 40 0 45.5 ED40H75U A. 59 
Blyvooruitsig 25 90 39.2 BV25U65U A. 13 East Driefontein 40 0 47.9 ED40H79U A. 60 
Blyvooruitsig 25 90 44.6 BV25U74U A. 14 East Driefontein 40 0 49.7 ED40HS2U A. 61 
Blyvooruitsig 25 90 46.4 BV25U77U A. 15 East Driefontein 40 0 52.7 Erl40HS7U A. 62 
Blyvooruitsig 25 90 4S.S BV25US1U A. 16 East Driefontein 40 -90 41.S ED40D69U A. 63 
Blyvooruitsig 40 0 44.0 BV40H73U A. 17 East Driefontein 40 -90 43.6 ED40D72U A. 64 
Blyvooruitsig 40 0 47.0 BV40H7SU A. 1S East Driefontein 40 -90 45.5 ED40D75U A. 65 
Blyvoorui tsig 40 0 4S.S BV40HS1U A. 19 East Driefontein 40 -90 47.9 ED40D79U A. 66 
Blyvooruitsig 40 0 51.S BV40HS6U A. 20 East Driefontein 40 -90 49.7 ED40DS2U A. 67 
Blyvooruitsig 40 0 52.4 BV40HS7U A. 21 East Driefontein SO 0 35.S EDSOH59A A. 6S 
Blyvooruitsi~ 40 -90 44.0 BV40D73U A. 22 East Driefontein SO 0 35.S EDSOH59B A. 69 
Blyvooruitsig 40 -90 47.0 BV40D78U A. 23 East Driefontein SO 0 41.2 EDSOH6SU A. 70 
Blyvooruitsig 40 -90 4S.S BV40DS1U A. 24 East Driefontein SO 0 42.4 EDSOH70U A. 71 N 
Blyvooruitsig 40 -90 51.S BV40DS6U A. 25 East Driefontein SO 0 43.0 EDSOH71U A. 72 . 
Blyvooruitsig 40 -90 52.4 BV40DS7U A. 26 East Driefontein SO 0 47.9 EDSOH79U A. 73 .. 
Blyvooruitsig • SO 0 31.3 BVSOH52U A. 27 East Driefontein SO -90 35.S EDSOD59A A. 74 .. 
Blyvooruitsig SO 0 36.1 BVSOH60U A. 2S East Driefontein SO -90 35.S EDSOD59B A. 75 
Blyvooruitsig SO 0 42.2 BVSOH70U A. 29 East Driefontein SO -90 41.2 EDSOD6SU A. 76 
Blyvooruitsig SO 0 45.2 BVSOH75U A. 30 East Driefontein SO -90 42.4 EDSOD70U A. 77 
Blyvooruitsig SO 0 50.0 BVSOHS3U A. 31 East Driefontein SO -90 43.0 EDSOD71U A. 7S 
Blyvooruitsig SO 0 51.S BVSOHS6U A. 32 East Driefontein SO -90 44.S EDSOD74U A. 79 
Blyvooruitsig SO 0 53.6 BVSOHS9U A. 33 East Driefontein SO . -90 47.9 EDSOD79U A. SO 
Blyvooruitsig SO -90 31.3 BVSOH52U A. 34 East Driefontein SO -90 50.9 EDSOD~4U A. S1 
Blyvooruitsig SO -90 36.1 BVSOD60U A. 35 Vaal Reefs 25 0 33.3 VR25H55U A. S2 
8lyvooruitsig SO -90 42.2 BVSOD70U A. 36 Vaal Reefs "- 25 0 40.0 VR25H66U A. S3 
Blyvooruitsig SO -90 45.2 BVSOD75U A. 37 Vaal Reefs 25 0 45.5 VR25H75A A. S4 
Blyvooruitsig SO -90 47.6 BVSOD79U A. 3S Vaal Reefs 25 0 45.5 VR25H75B A. S5 
Blyvooruitsig SO -90 50.0 BVSODS3U A. 39 Vaal Reefs 25 0 46.7 VR25H77U A. S6 
Blyvoor'uitsig SO -90 51.S BVSODS6U A. 40 Vaal Reefs 25 0 52.1 VR25HS6U A. S7 
Blyvooruitsig SO -90 53.6 BVSODS9U A. 41 Vaal Reefs 25 -90 33.3 VR25D55U A. SS 
East Driefontein 25 0 33.3 ED25H55U A. 42 Vaal Reefs 25 -90 40.0 VR25D66U A. S9 
East Driefontein 25 0 40.0 ED25H66U A. 43 Vaal Reefs 25 -90 45.5 VR25D75A A. 90 
East Driefontein 25 0 41.S ED25H69U A. 44 Vaal Reefs 25 -90 45.5 VR25D75B A. 91 
East Driefontein 25 0 45.5 ED25H75U A. 45 Vaal Reefs 25 -90 46.7 VR25D77U A. 92 
East Driefontein 25 0 47.9 ED25H79U A. 46 Vaal Reefs 25 -90 52.1 VR25DS6U A. 93 
East Driefontein 25 -90 33.3 ED25D55U A. 47 Vaal Reefs 25 90 33.3 VR25U55U A. 94 
East Driefontein 25 -90 40.0 ED25D66U A. 4S Vaal Reefs 25 90 40.0 VR25U66U A. 95 











TABLE 2.S : Key to Cyclone Classified Tailings Data Base cont. TABLE 2.S : Key to Cyclone Classified Tailings Data Base cant. 
Classified Nominal pipeline Solids Data Base Data Base classified Nominal Pipeline Solids Data Base Data Base 
Tailings Pipe Bore Slope Cone. File Page Tailings pipe Bore Slope Cone. File Page 
Material (am) (degrees) (% by Yol) Name Number Material (am) (degrees) (% by yol) Name NWlber 
Vaal Reefs 25 90 45.5 VR25U75B A. 97 western Deeps 40 -90 3S.2 WD40D63U A.145 
Vaal Reefs 25 90 46.7 VR25U77U A. 9S western Deeps 40 -90 43.0 WD40D71U A.146 
Vaal Reefs 25 90 52.1 VR25US6U A. 99 western Deeps 40 -90 46.1 WD40D76U A.l47 
Vaal Reefs 40 0 43.0 VR40H71U A.100 western Deeps 40 -90 52.1 WD40DS6U A.l4S 
Vaal Reefs 40 0 45.5 VR40H75U A.101 western Deeps 40 -90 53.3 WD40DSSU A.l49 
Vaal Reefs 40 0 4S.5 VR40HSOU A.102 western Deeps SO 0 U.S WDSOH69U A.150 
Vaal Reefs 40 0 50.3 VR40HS3U A.103 western Deeps SO 0 44.2 WDSOH73U A.151 
Vaal Reefs 40 0 52.1 VR40HS6U A.104 western Deeps SO 0 47.3 WDSOH7SU A.152 
Vaal Reefs 40 -90 43.0 VR40D71U A.105 western Deeps SO 0 49.1 WDSOHSlU A.153 
Vaal Reefs 40 -90 45.5 VR40D75U A.106 Western Deeps SO 0 52.1 WDSOHS6U A.154 
Vaal Reefs 40 -90 4S.5 VR40DSOU A.107 Western Deeps SO 0 54.5 WDSOH90U A.155 
Vaal Reefs 40 -90 50.3 VR40DS3U A.10S Western Deeps SO -90 U.S WDSOD69U A.156 
Vaal Reefs 40 -90 52.1 VR40DS6U A.109 Western Deeps SO -90 44.2 WDSOD73U A.157 
Vaal Reefs SO 0 42.4 VRSOH70U A.110 Western Deeps SO -90 47.3 WDSOD7SU A.15S 
Vaal Reefs SO 0 45.5 VRSOH75U A.1ll Western Deeps SO -90 49.1 WDSODS1U A.159 
Vaal Reefs SO 0 47.9 VRSOH79U A.1l2 Western Deeps SO -90 52.1 WDSODS6U A.160 
Vaal Reefs SO 0 49.1 VRSOHSlU A.1l3 Western Deeps SO -90 54.5 WDSOD90U A.161 
Vaal Reefs SO 0 51.5 VRSOHS5U A.1l4 
Vaal Reefs SO 0 53.9 VRSOHS9U A.1l5 
Vaal Reefs SO -90 42.4 VRSOD70U A.1l6 
Vaal Reefs SO -90 45.5 VRSOD75U A.1l7 
Vaal Reefs SO -90 47.9 VRSOD79U A.llS 
Vaal Reefs SO -90 49.1 VR80DS1U A.1l9 
Vaal Reefs SO -90 51.5 VRSODS5U A.120 N 
Western Deeps 25 0 40.6 WD25H67U A.121 
. 
oIlo 
Western Deeps 25 0 44.2 WD25H73U A.122 UI 
Western Deeps 25 0 46.1 WD25H76U A.123 
Western Deeps 25 0 47.9 WD25H79U A.124 
Western Deeps 25 0 49.7 WD25HS2U A.125 
Western Deeps 25 0 51.5 WD25HS5U A.126 
Western Deeps 25 -90 40.6 WD25D67U A.127 
Western Deeps 25 -90 44.2 WD25D73U A.12S 
Western Deeps 25 -90 46.1 WD25076U A.129 
Western Deeps 25 -90 47.9 WD25D79U A.130 
. Western Deeps 25 -90 49.7 WD25DS2U A.131 
Western Deeps 25 -90 51.5 WD25DS5U A.132 
Western Deeps 25 90 40.6 WD25U67U A.133 
Western Deeps 25 90 44.2 WD25U73U A.134 
Western Deeps 25 90 46.1 WD25U76U A.135 
'Western Deeps 25 90 47.9 WD25U79U A.136 
Western Deeps. 25 90 49.7 WD25US2U A.137 
Western Deeps 25 90 51.5 WD25US5U A.13S 
Western Deeps 40 0 3S.2 WD40H63U A.139 
Western Deeps 40 0 43.0 WD40H71U A.140 
Western Deeps 40 0 46.1 WD40H76U A.141 
Western Deeps 40 0 4S.5 WD40HSOU A.142 
Western Deeps 40 0 52.1 WD40HS6U A.143 
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4. 1 Influence of mean mixture velocity on pressure gradient 
Figure 2.20 shows the variation of the horizontal pressure gradient with 
mean mixture velocity for the Vaal Reefs backfill slurry in a 40 om NB 
pipeline for various solids concentrations. The experimental data 
points show that as the mixture relative density is increased the rate 
of increase of pressure gradient with velocity is increased. The 
pressure gradient - velocity curves .become linear at higher 
concentrations. This indicates that at higher concentrations turbulence 
may be negligible due to dampening by the solid particle matrix. 
The same trends are seen in Figure 2.21 for the vertical downward. flow 
of Vaal Reefs slurry in a 40 om NB pipeline. Figures 2.22 and 2.23 show 
similar trends for the horizontal and vertical downward. flow of Western 
Deeps slurry in a 25 om NB pipeline. 
4.2 Influence of solids concentration on pressure gradient 
Figure 2.24 shows the variation of the horizontal pressure gradient with 
solids concentration for Vaal Reefs slurry in a 40 nm NB pipeline for 
mean mixture velocities of 1 mis, 2 mls and 3 mls. The pressure 
gradient is seen to sharply increase with concentration above a solids 
concentration of 45% by volume for all velocities. Note that this 
concentration corresponds closely to the freely settled concentration of 
the solid particles. 
Figure 2.25 depicts the variation of the vertical down pressure with 
solids concentration for the Vaal Reefs slurry. The trends are similar 
to that of the horizontal pipeline. 
Figure 2.26 shows the variation of the horizontal pressure gradient with 
solids concentration for the Blyvoorui tsig slurry in an 80 DDl NB 
pipeline. As with the Vaal Reefs slurry in a 40 DDl pipeline, the 
pressure gradient is seen to increase with solids concentration above a 
concentration of 45% by volume. The cross over of the curves 
representing mean mixture velocities of 1 mls and 2 mls is due to the 
formation of a stationary bed at solids concentrations below 40% by 












The variation of the vertical down pressure gradient with solids 
concentration for the Blyvoorui tsig slurry is shown in Figure 2.27. The 
solid straight line represents the calculated pressure gradient assuming 
no friction, Le. pressure gradient due to the weight of the slurry 
only. At low concentrations the mean mixture velocity curves are 
parallel to the pressure gradient curves calculated assuming no friction 
( i . e. the contribution of the increased concentration to the weight 
component is greater than the contribution to the frictional 
resistance) . Above a concentration of 45% by volume the pressure 
gradient increases with concentration in a similar fashion to that of 
the horizontal pipeline (i. e. the contribution of the increased 
concentration to the frictional resistance exceeds the contribution to 
the weight component). 
4.3 Influence of pipe diameter on pressure gradient 
Figure 2.28 shows the influence of pipe diameter on the horizontal 
pressure gradient for the Vaal Reefs slurry at a solids concentration of 
45,5% by volume. The pressure gradient for the 80 IIIIl NB pipeline is 
relatively constant with mean mixture velocity compared with the 
pressure gradient curves for the 25 um NB' and. 40 um NB pipelines. 
Figure 2.29 shows that the 80 DIn NB pipeline pressure gradient curve for 
the vertical down pipeline is steeper than that for the horizontal 
pipeline. The slope of the vertical down pressure gradient curve 
increases with decreasing pipe diameter. 
Figure 2.30 shows how the horizontal pressure gradient varies with pipe 
diameter for the Vaal Reefs slurry. The pressure gradient increases 
with decreasing pipe diameter for mean mixture velocities of 2 m/s and. 
3 m/s. Due to the formation of a stationary bed. the pressure gradient 
at a mean mixture velocity of 1 m/s increases slightly for a pipe 
diameter greater than 50 DIn. Figure 2.31 shows the variation of the 
vertical down pressure gradient with pipe diameter. The trends are 
similar to that in the horizontal pipe. 
The variation of the Vaal Reefs horizontal pressure aradient with pipe 
diameter is shown for various solids concentration in Figure 2.32. The 
variation of the slurry pressure gradient curves are compared with the 
clear water pressure gradient curve. The rate of increase of pressure 
gradient with decrease in pipe diameter increases with increased solids 
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4.4 Flot1 observations 
Figure 2.34 shows a plot of flow observations for the Blyvoorui tsig 
slurry in a 40 DID NB horizontal pipeline. The observations are grouped 
into three categories : 
( i ) Stationary bed - a bed of stationary particles or solitary 
particles observed on the pipe invert. 
(ii) Asyametric flow - an asyumetric concentration and/or velocity 
profile observed. 
(iii) Symmetric flow - no asyumetric concentration or velocity 
~ofile evident. 
Each flow observation in Figure 2.34 is plotted at the intersection of 
the corresponding solids concentration and mean mixture velocity. '1lle 
flow observation plot is divided into four flow regimes. 
(i) Stationary bed - zone in which the canbination of solids 
concentration and mean mixture velocity is likely to result in 
a stationary bed. 
(ii) Hete~eneous - flow conditions where asymmetric velocity 
and/or concentration ~fileB were observed. 
(iii) Pseudo hCIIICCeneous -zone in which the flow appears to have 
syometric velocity and concentration profiles. Slurries in 
this zone behave as heterogeneous mixtures at lower mean 
mixture velocities. 
(iv) Homogeneous - flow appears haoogeneous for all mean mixture 













Table 2.9 shows the key to the Figures corresponding to the flow 
observation plots for the four backfill slurries in 4Q mm and 80 mm NB 
pipes. The flow observation plots for the four materials are similar. 
Note that no stationary bed was observed for the Western Deeps slurry. 
TABLE 2.9 Key to flow observation plots 
Figure N\DIlber 
Slurry 
40 om NB 80 om NB 
Blyvooruitsig 2.34 2.35 
East Driefontein 2.36 2.37 
Vaal Reefs 2.38 2.39 
Western Deeps 2.40 2.41 
In Figure 2.42 the solids concentration corresponding to the transition 
between the heterogeneous flow regime and the homogeneous flow regime of 
the flow observation plots is plotted against internal pipe diameter. 
The curves for the Blyvoorui tsig, East Driefontein and Vaal Reefs 
slurries are parallel and show an increasing transition concentration 
with increasing pipe diameter. The Western Deeps slurry curve also 
shows an increase in transition solids concentration with pipe diameter, 
although with a steeper slope than for the other materials. This is 
probably due to the Western Deeps material forming a stabilised mixture 
wi th non-Newtonian characteristics at high concentration (due to the 
high percentage of fine particles), compared with the settling slurries 
formed by the other backfill materials. 
The ratio of the transition solids concentration between heterogeneous 
and. homogeneous flow to the freely settled solids concentration is 
plotted against internal pipe diameter in Figure 2.43. The transition 
data points for the three settling slurries lie on a single curve, while 
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laow Observations - East Driefontein 40 mm NB 
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4.5 Comparison of backfill pressure gradients 
Figure 2.44 compares the horizontal pressure gradients for the four 
backfill slurries in a 40 om NB pipeline at a mean mixture velocity of 
2 m/s. The East Driefontein and Vaal Reefs slurries have similar 
pressure gradients which are higher than those for the Western Deeps and 
Blyvoorui tsig slurries. For a particular concentration the 
Blyvooruitsig slurry has the lowest pressure gradient, with the pressure 
gradients due to East Driefontein and Vaal Reefs the highest. Figure 
2.45 shows the same trend for vertical downward flow. 
Figure 2.46 shows the horizontal pressure gradient for the four backfill 
slurries plotted against the ratio of the solids concentration to the 
freely settled concentration of each material. The settling mixtures' 
(Blyvooruitsig, East Driefontein and Vaal Reefs) pressure gradients form 
a single curve. The pressure gradient curve for the stabilised Western 
Deeps material lies to the left of the other three backfill slurries. 
Figure 2.47 shows the same trend for vertical downward flow. 
The ratio of the solids concentration to the freely settled 
concentration of the solid particles appears to be an important 
parameter, and may be interpreted as indication of the mobility of a 
particle wi thin the mixture. 
4.6 Cgmparison of horizontal and vertical down friction pressure losses 
Figure 2.48 compares the horizontal and vertical down friction pressure 
gradients (Le. total pressure gradient less weight component) for the 
Vaal Reefs slurry in three pipe diameters at a mean mixture velocity of 
2 mls. The horizontal and vertical down pressure gradients are shown to 
be similar. Figure 2.49 shows similar data for the Blyvooruitsig 
slurry. 
4.7 Comparison of vertical up and down friction pressure losses 
Figure 2. 50 compares the vertical up and vertical down friction pressure 
losses for the Vaal Reefs slurry in the 25 om NB pipeline at a mean 
mixture velocity of 2 m/s. The vertical down friction loss is slightly 
greater than the vertical up friction loss. Figure 2.57 shows the same 
trend for the East Driefontein slurry. The difference between the 
vertical up and vertical down friction losses may be due to subnerged 
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5. CHAPl'BR Sl.Ifi\JY AND <XHWSIONS 
Pipeline test facili tes have been constructed to investigate the 
hydraulic transport of hiib Concentration cyclone classified tailinas 
for backfillina in gold mines. The test loops consist of 25 DIn, 40 DIn 
. and 80 DIn nominal bore pipelines. The test facilities have been 
described, test operating procedures discussed and experimental 
measurement errors evaluated. The mean mixture velooi ty, horizontal and 
vertical pressure ~radients, slurry relative density and slurry 
temperature are measured for each test. Visual observations of the 
slurry flow behaviour in clear pipeline sections are noted. 
The methods used to characterise the solid particles are described. The 
solid particle properties evaluated are 
• solids relative density 
• particle size distribution 
• particle shape factor 
• freely settled particle concentration 
• internal angle of friction of solid particle matrix 
• dynamic coefficient of slidina friction of solid particles • 
• 
Pipeline tests were conducted on cyclone classified tail~ material. 
from four gold mines (Blyvooruitsi~, East Driefontein, Vaal Reefs and 
Western Deeps). The measured. solid particle properties for each of 
these materials is presented in Table 2.7 (paCe 2.34). The Western 
Deeps m.terials forms a stabilised mixture at hiib solids 
concentrations, while the three other materials form settlina slurries. 
A data base of pipe loop test results for cyclone classified tailinas 
has been established (Appendix A). The pipeline pressure gradients and 
particle size distribution for each test are presented in tabular and 













( i ) The mean mixture velocity versus pressure gradient curves 
become linear at high solids concentrations. This indicates 
that turbulence may be negligible due to dampening by the solid 
particle matrix. Thus at high solids concentration the pipe 
wall shear stress consists of viscous fluid shear stresses and 




. ..."l,.t "\ .. ,'~';',-,:. " \\.-~ .L.::,-1~ ., 
The pressure gradient increases sharplrtabove a solids 
concentration of 45% by voltme (corresponding closely to the 
freely settled particle concentration) for both horizontal and 
vertical flow. 
The pressure gradient increases with decreasing pipe diameter. 
The rate of increase of pressure gradient with decrease in pipe 
diameter increases with increased solids concentration. 
(iv) The transition solids concentration between observed 
heterogeneous flow and observed homogeneous flow (at all mean 
mixture velocities) increases with increasing pipe diameter. 
The ratio of the transition solids concentration to the freely 
settled particle concentration is similar for the three 
settling slurries (Blyvoorui tsig, Bast Driefontein and Vaal 
Reefs) . 
(v) The pressure gradient versus solids concentration curves for 
all the backfill materials have a similar shape. The pressure 
gradient data points for the three settling slurries lie in a 
single line when plotted against the ratio of solids 
concentration to the freely settled concentration of the solid 
particles. 
(vi) The ratio of the solids concentration to the freely settled 
concentration is identified as an important parameter" aDd lillY 
be-interpreted at! -an- -indication of-~mobi-li"t¥-o£- &-- particle 














The horizontal and vertical down friction pressure gradients 
are similar. 
The vertical down friction pressure gradient is slightly 













EXPERIMENTAL IN\1ESTIGATI(ti II 
MEASUREMBm' OF SOLID PARTICLE SLIDING FRIOI'IOO 
1 • IN'I'HODlJCI'ION 
1.1 Shear stress at pipe wall due to solid phase 
The total shear stress at the pipe wall in a pipeline transporting a 
solids liquid mixture consists of shear stresses due to both the liquid 
and. solid phases. As the concentration of solid particles in the 
mixture increases and the number of solid particles in contact with the 
pipe wall increases, the contribution of the solid phase to the total 
pipe wall shear stress increases. There are two mechanisms by which 
solid particles impart shear stress to the pipe wall - mechanical 
sliding friction against the pipe wall, and random collisions with the 
pipe wall due to turbulence. In high concentrlltion mixtures the sliding 
friction mechanism is dominant as the random movement of particles is 
restrained due to the presence of other solid particles. 
For the dense phase mixtures considered in this investigation the solid 
particles are assumed. to be in contact, thus no random motion of 
particles is possible and all the solid phase shear stress at the pipe 
wall is due to mechanica~ sliding friction. 
1.2 Tbe nature of solid particle - solid surface sliding friction 
Before considering the nature of a granular matrix of solid particles 
sliding over a solid surface it is useful to first examine solid 
surfaces sliding relative to each other. 
~~!!g_~~f~_:_~~!!g_~~f~_~!!~_!~!~~!~ 
The simplest model for the frictional forces between two surfaces in 
contact states that there is a linear relationship between the total 















Normal and frictional forces acting on a 
sliding block 
'l1le coefficient of frictiOll between the two sm-faces is defined as 
F 
" = R' • (3.1) 
It is fOUld that the force required to initiate ~t is aeneral17 
greater tI8l the force required to .aintain stead7 relative .,tiOll. 
'l1lus coefficients of incipient slid:i.nl frictiOll )Ii ' and of ~c 
sli.di.JC frict,ien "'d are defined. 
1bdeD and Tabor (1950) preaented a Jmre detailed int.erpretatiOll of the 
frictien wecbani _ beb.een two surfaces. 'l1ley consider all surfaces to· 
be 1'OUIh en a llicro-scale, and thus COIltact between the surfaoee occurs 
at the tips of &&peri ties over a COIltact area which is aICb ~ler than 
the apparent area of CODtact. '1be DDIWll stresses at points of COIltact 
reach the yield ~ Y of the asperities and they flON plastically 
until a true area of COIltact A is developed S\Dl that 












At the points of oontact j1mctiona are foxwed throuIIb cold we~. 'lhe 
stractb of the jtmction is equal. to that of the solid. DuriJc slid:i.nlr 
the jwJctioos are sheared. 'Ihe shearing will occur in the softer 
IIBterial of shear stractb S. In addition to the shearilc of 
junctions, asperities of the harder _terial will plOl.lih into the softer 
IIBterial and produce an addi ti(Dl}. plouchinlr resistance p. ".. the 
total frictional resistance is 
F = SA+P • (3.3) 
Bowden and Tabor showed that for bard. surfaces the plOUllhiDa tera is 
usual17 aJCh aaller than the sbearirC tera and, for a fixed noma! 
load, decreased as the Ill.IIber of oontact points increaaed. ~1ectirC 
the plO\.ChirC te1'll we ~t fraa Bqtations (3.2) and (3.3) 
F 
IJ = A' = S y (3.4) 
Butterfield and ADdrawea (1972) note that in practice contaIIirBtilc 
fillls will prevent the foraation of II'tnlnIr idealised j1mctions. 
Consequent17, there is like17 to be a caabination of .l~ and plastic 
yield.i.lC occurring at the asperity contacts. It is also probable that 
during slidi.rq& the surface fit.B will tear producing tom fl'8llllents 
which will influence junction fomation. '1hey state that the friction 
mec:banisa between two surfaces will involve not only plastic defomation 
of asperities but also relative .,-tion over asperities and debris. 'ft1\. 
tid. EChaniBll is analOCO\B to interlockinlr ~ associated with 
JP'NIIaJar _terials. 
Solid particle aatrix - solid surface slidinrl friction -------_.. ------ ---------- -----
Butterfield and Andrawes (1972) \.Be the .xiified Bowden and Tabor .odel 
(plastic defomation of asperities and an interlocki.lC ~) to 
explain the mechanisa of friction bet10leen a solid particle _trix and a 
solid surface. '1he efficiency of the interlockiIC and plCJlUldrlna 
contributions to the frictional resistance are st.rcxc17 dependant on the 
caapress ibi lit l' of the two surfaces. '1he solid particle _trix will 












compressibility of the solid particle matrix will decrease with packing 
density, so the frictional resistance will be expected to increase. 
Butterfield and Andrawes extrapolate these concepts developed for 
micro-scale roughness to macro-scale roughness of the solid particle 
matrix. They state that the friction between a matrix of solid 
particles and a solid surface is governed by : 
(i) Microscopic rot.Chness 
The frictional forces will increase with an increase in the 
microscopic roughness of the two solid materials. 
( ii ) Angularity 
The greater the ~arity of the particles, the greater the 
frictional forces will be. 
(iii) IrreIUlarity 
The greater the irregularity (macroscopic roughness) of the solid 
surface in relation to the irregularity of the surface of the 
solid particle matrix, the greater the frictional forces. Thus a 
decrease in particle size will decrease the frictional forces for 
a given solid surface. 
( i v) Packing density 
As the packing density of the solid particle matrix is increased, 
so will the frictional forces as the compressibility of the solid 
particle matrix is reduced. 
(v) Hardnesa 
The harder the solid particles are, relative to the solid 
surface, the higher the frictional forces. For soft solid 
surfaces both the plastic deformation of asperities and the 












1.3 CoeUicient of dyneic slidinc frictioo J.l
d 
For our pmwposes, i.e. the inveiKiaation of the h1draulic transport of 
solids in pipelines, we define the ~c coefficient of sliding 
friction as 
= Solid Jimse shear stress at pipe wall 
J.ld NO~ lDtei'ilrtJ.cle stress at P1pe watl 
T sw = - • a 
sw 
(3.5) 
'!be evaluation of J.ld' and cmsequent17 the solid limae frictional 
forces, is an hIportant pa.rf8e'ter in the investigation and the 
understanding of the mechani_ of hUh concentration h1draulic 
transport. '!bus it is considered vital that a bench top test ~Il'e 
be developed to investiaate the nature of the frictional forces be'bleen 
a solid particle matrix and a ~ lxuda.ry. '1he test should be able 
to dete1'lDine the effect of the followina variables on "'d: 
(i) particle size distribution 
(ii) particle packinc deDsity 
(iii) solid boundary l'OUIdmess and _terial type 
(iv) relative velooity between solid particlea and lxuda.ry. 
It is enviS8lled that such .. bench top test for tJd will, together with 
the pu-ticle size distribution, shape factor, freely settled packing 
deaaity, solids relative density and intemal anale of friction of solid 













2. SOLID PARl'ICLE SLIDING FRICTION MEASURtMENT TECHNIQUES 
2.1 Tilting tube 
Wilson (1970) pioneered the use of the tilting tube apparatus to 
evaluate the coefficient of friction between solid particles and the 
pipe wall. 
'!he apparatus consists of a length of clear perspex pipe stoppered. at 
both ends. '!he tube may· be set to any angle to the horizontal as shown 
in Figure 3.2(a). '!he tube is filled with water and solid particles 
placed at one end. of the tube on the pipe invert. '!he tube is slowly 
tilted and. the angle of the tube to the horizontal • at the point of 
incipient motion of the particles recorded. Wilson (1970) noted that 
the tube angle corresponding to the point of slip increased with 
increasing depth of the particle bed, and presented the hydrostatic 
assumption for interparticle stresses within a bed of particles. To 
obtain measurements at large bed depths and tube inclinations the solid 
particles were placed. between bulkheads cormected by wires. '!he 
coefficient of friction between the solid particles and pipe wall is 
evaluated from : 
J.l = (. - sin. cos .) tan. 2 (S1n • - • cos ') 
where 6 = half angle defining size of the bed 
• = tube inclination. 
(3.6) 
Wilson et al (1972) presented a modified test procedure for the tilting 
tube aPJB1'tus. A movable diaphragm of fine mesh screening is attached 
to a rod passing through a hole in the lower stopper as shown in Figure 
3.2(b). The test starts with a diaphragB above the midway position and 
the solid particles behind. the diaphragm. 'lbe diaphragB is slowly moved 
down the tube and the behaviour of the solid particles observed. '!he 
procedure is repeated for several tube inclinations. The tube 
inclination corresponding to a sliding bed of constant height moving en 
bloc with the diaphragm is taken as the slip point angle. '!he 












'11M! advantatre of the til tile tube 8lJP11'1ltUS is that it is relati '¥ely 
sillple to construct and operate. '!he results are, however, subjective 
am. care .... t be taken to distintPrlsh between the incipient coefficient 
of friction and the dynMUc coefficient of friction. 'lbe apparatus does 
not pem t IelSUl"E!IIeIlt of steady state frictional forces \Wlless a very 





















2.2 Shear box 
Conventional shear boxes have been used bJ' Butterfield and Andrawes 
( 1972) and street et a1 (1976) to EBBUl'e frictional forces between a 
solid particle IBtrix and a solid bcudary. 'lbe arr&nI&eamt of a 
typical shear box apIJ8.l'atus is shown in Fiaure 3.3. 'lhe upper block 
cootaining the ~ular IIBtrix is forced to slide over the block of 
solid IIBterial by applyina force F. 1he coefficient of friction is 
evaluated. fraa Equation (3.1) usiDil .easured values of F and N • 
Figure 3.4 shows the results of Streat et a1 (1976) fna shear box teats 
done on the ~c slid.i.JC of a subIeraed saoi .. trix over a PVC block. 
AI thouIh there is considerable scatter, the results show a definite 
increase in Jld with increased solids packina density. '!be scatter .ay 
be due to difficulty in Ile&S\.B"Uc and 1Bintaini.JC a conatant solids 
packiDil density durina a test. 
Butterfield and AIldrawes (1972) conlucted a series of exper~ts on the 
friction between saoi and plane surfaces. '1hey fowd the coefficient of 
incipient slid.i.JC friction and the d7naIIic coefficient of slid.i.JC 
friction to increase with increased packiDil density, as sboNn in 
Figure 3.5. 
. -
Butterfield and. Andrawes postulated that the friction ~_ between 
solid particles slid.i.JC over a plaDe surface is siailar to the friction 
mecbanisa between J&r8IDalar particles. 'lbey considered the ratio of the 
frictiOlBl force for loose saoi to that for dense sand, i.e. 
,.. (loose) = frictiOlBl. resistance of loose ...n (3 7) 
51 (dIiiiSi) frictiOiiiil resistaiiCi of aense S8iil • • 
Fiaure 3.6 sbows the aOOve ratio plotted for all their tests done with 
sand slidina ~ various plane surface .. terials. It is seen that 
the data points lie cloaely on a straicht line for all .. terial. types. 
'!he intema.l and.e of friction a for the saal tested. is 46- and 36-
for the dense and loose states respectively. '!be straicht line draNn in 
Fiaure 3.6 bas a slope of tan (a loose) I tan (a den8e) calculated -ina 












depends only on the properties of the sand and is independent of the 
solid surface material, and provides strong support for their hypothesis 
and we may write ; 
I.l (loose) 
J.l (dense) 
tan (~ loose) 
tan ( ~ dense) (3.8) 
'!he advantage of the shear box apparatus is that it is generally readily 
available as it is a standard soil mechanics apparatus. Care must be 
taken to ensure that the meassuring system is rigid to avoid the 
stick-slip phenomena during tests (Butterfield and Andrawes (1972) ). 
'!he disadvantages of the shear box apparatus are : 
(i) end effects at the edges of the box 
(ii) tests are of a short duration, so it is not possible to measure 
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2.3 Rotatinl eylinder 
• Perspe I 
o Gloss 
+ Steel 
/j. RouQhened steel 
rrictiooal force for. dense Sand, Ib 
Butterfield and Andrawes (1972) 
Briscoe et a1 (1983) \.-eel a rotatinlr C7linder JBrtial17 filled. with sand 
to investialate the friction -auud_ between solid JBrticles and a 
solid bomdary. '1be7 used two configurations to ...aure the incipient 
coefficient of slidinlr friction and the ~c coefficient of slidinlr 
friction. 
Fiacm'e 3.7 sbows the apparatus used to deteraine the incipient 
coefficient of sliding friction. A ql8Iltit7 of sand to obtain the 
required bed heiiht is placed in the .lass cylinder, and the cylinder 
filled with water. '!he cylinder is placed on a plane. the inclination 
of .iOO is aradual17 increased. lmtil the cylilder is on the point of 
incipient motion. At this point the slope of the plane • is recorded. 
Corrections are .ads for the true slope and rollinlr resistance. 'lbe 
coefficient of incipient slidinlr friction is calculated usilc Wilson's 

















Incipient friction rolling cylinder apparatus 





Figure 3.8 Dynamic friction rolling cylinder apparatus 












The coefficient of dynamic friction was detennined by measuring the 
torque required to continuously rotate a cylinder filled with a sand 
water mixture. The layout of the apparatus is shown in Figure 3.8. The 
glass cylinder rests on four rollers and is rotated at different 
rotational speeds by a variable speed electric motor. The torque 
delivered by the motor is transmitted to the cylinder via a rubber 
wheel, and measured using a strain gauge system onto which the motor is 
motmted. 
The strain gauge system is calibrated in situ and a correction factor 
accolmted for by rotating empty cylinders. The coefficient of dynamic 
friction is calculated from the measured torque and the average normal 
intergranular stress evaluated using the hydrostatic stress 
distribution. 
Sliding and cascading particle behaviour was observed during the dynamic 
tests. The particle contact density (m.unber of particles per lmi t 
surface area of contact) was estimated for the tests by colmting the 
sand particles in contact with the pipe wall from photographs. 
Briscoe et al report that the dynamic coefficient of friction reduces 
with mean flow velocity. However they also fotmd that, for their 
experiments, the contact density decreased with flow velocity. Thus 
there is no clear indication that for pure sliding friction the 
coefficient of dynamic friction will reduce with increased velocity. 
A disadvantage of the rotating cylinder concept is the difficulty in 
evaluating one of the two primary parameters - i. e. the mean normal 
intergranular particle stress against the pipe wall. In the static case 
the hydrostatic asstmption is likely to be closely approximated, but 
there are great tmcertainties during the dynamic test. In addition, the 
frictional resistance measured during the dynamic test may contain a 
component due to fluid shear between the particle matrix and pipe wall 












2.4 Rotary !hm.r !Deter 
Jacobs and Tatsis (1986) developed a l'O'tal7 shear IIeter to investicate 
the frictional forces between a slidina bed. of particles and. the pipe 
wall for high COIlCeIltration slurries. 'lbe device (F~ 3.9) CClOBists 
of a rotatina disc driven by a variable speed .,tor. '!be coarse 
particles are contained in a statiOllB.17 annular channel which is set at 
a SIBil clearance above the disc. 'lhe coarse particles are restrained 
fl'Clll rotatina with the disc by flat vertical plates within the channel. 
An annular loading rina is placed on top of the. coarse particles in the 
channel to enable hildler bed heilhts to be siaalated. '!be rotatinlr disc 
and channel are i..maIersed in a mixture of water and. the fine fraction. 
'lhe frictional force is detenrl.ned by lEasurinlr the torque required to 
prevent the annular channel fraa rotatina with the disc. 'Ihe rotatioaal 
speed of the disc is IIe88Ul'ed usina an optical sensor. ')be vertical 
load on the channel is IIe88Ul'ed usina strain __ to correct for aD7 
friction between the coarse particles and. the vertical sides of the 
channel. 
Results on the variation of the total frlctim force with rotat.ional 
speed are presented in FUure 3.10 for a coal. slUl"l7 (Tatsis and. Jacobs 
(1987) ). 
(i) There is no difficulty in interpret1na and 1IB8B\Ir1na bJth the 
DOIWll. and frictional forces. 
(ii) '!be test procedure is objective as no inte~tion is required 
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3. SOLID PARl'ICLE SLIDING FRICTION APPARATUS DEVELOPED FCE PRESENT 
INVESTIGATION 
3. 1 Measurement concept 
In measuring the frictional forces between solid particles and a solid 
boundary, Briscoe et al (1983) attempted to simulate actual pipeline 
conditions with their rotating cylinder apparatus. However, by 
simulating actual pipeline conditions further variables are introduced 
(normal interparticle stress at pipe wall and extent of fluid shear 
stress in dynamic test) which complicate the interpretation of their 
results. 
The principle adopted in this investigation is to measure frictional 
forces due to pure mechanical sliding friction. Once the nature of 
dynamic sliding friction has been established it will be used as input 
for a mechanistically based model for dense phase flow. 
The design of the apparatus selected to determine the coefficient of 
dynamic sliding friction between a particle matrix and a solid boundary 
is based on the rotary shear meter (Jacobs and Tatsis (1986) ). This 
design was chosen for the following reasons : 
(i) Both the frictional resistance and the normal interparticle 
stress are easy to measure, thus allowing fld to be calculated 
without making assumptions regarding the stress distribution 
within the granular matrix. 
(ii) '1be normal interparticle stress may easily be varied using a 
loading rina. 
( iii ) '!here is no time restraint on the test, thus permitting steady 
state frictional forces to be measured. 













3.2 Description of J!.J'!!!irAtus 
Figm-e 3.11 shows the la)'OUt of the solid particle slid:i.JC friction 
..aureEnt appI.l"atus. 'ftle apparatus has the followi.nll ClllIIJI(DeDts : 
(i) ~~ti!!l..~~ 
(ii) 
'lbe rotati.na disc is .-de frc. 20 _ tJrick stainless steel and 
has a dia.ater of 380 _. 'ftle disc is rotated ~inI a variable 
speed electric D>tor. '1be 40 _ shaft is driven by a belt and. 
p.tlleys to isolate the apparatus frta any vibration frc. the 
motor. '1be speed of the disc at the centre of the channel 
contai~ the solid particles EY be varied between 1 als and. 
3 mls. 
Various DBterials IBY be installed on the disc, enablirC the 
effect of different IBterial types and. l"OUIIhnesses on tid to be 
evaluated. <DIy stainless steel MIS uaed in the preseot 
investi,aatiOll. 'lhe surface 1'OUIImess of the stainless steel was 
measured usinll a Ta¥lor-llobeon Surtranic 3P ProfilCJEter. 'Ibe 
t:.anItential centre line averaae 1'OUIImess tB8 measured as 0,26 ,.., 
and. the radial centre line aver&ae l'OQIII-MI!IUJ .. 0,38... '1be 
differences are due to the lathe -arl.ni.nII prOCesS. 
Annular chamel 
Fijp.lre 3.12 details the diaensions of the IIIDllar cbanDel in 
which the particles beinl tested are held. All o~ts of the 
channel, except the rubber seal., are lBCbined frc. PVC. 'lhe 
channel is 40 _ wide and 50 .. deep. 'Ibe mean radiUB of the 
channel is 154 _. 
'.lbe channel is held in place by a support MObani_ as sboNn in 
Figure 3.11. The channel is free to rotate about the support 
shaft OIl bea.rirCs. 'lbe cbalJnel support IECbarrl.a. allONll the 
posi tiOll and he~t of the channel to be adjtmted in relation to 
the disc. '1be channel ~ be raised above the diac usiIC the 
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1be 1e~t of the clamel and the cbaoael support 1IBOhaDi_ is 
III!iasured usile the vertical lCBi cell as shown in p~ 3.11. 
'lhis allows the operator to .ani tor whether 8DT of the applied 
notwal load;.,. OIl the B8IIIIP1e is beile transmtted to the side 
wall or baffle plates of the channel thrcuIdl friotiOll. If this 
is the case a correction to the notwal loadinl& is ~. 
( iii ) Torque load cell -------------
'ftle annular channel is restrained fraa ~ with the rotatu. 
frictional resistance between the stati<XBr7 ctvmnel filled with 
solid particles and the rotatinal disc. 
(iv) ~DLri!!! 
'1be nonal lCBi OIl the ~e of pu-ticles is varied usinl a 
loadiJe rinal. 'l'be rial OQIIBists of a P\IC fl'8lle covered with a 
fine E8h (apperture size 42 JII). 'lbe lo8diJ:c rile is placed on 
the BlllllPle am the load varied ~irC brag weiibta which are 
tmiforaly distrib.tted arotDi the channel as sboNn in Pi.Iure 3.14. 
(v) Bath 
'Ibe rotatinl disc and 8Ib.Ilar chaI.ael are; rsed. in tater to 
detemine the coefficient of tricticn for ~ solid 
particles. '1be tater is 0CIltai.Ded within a P\lC bath as aboNn in 
p~ 3.11. 'ftle bath ia sealed ...unst the rotatm.· shaft \Bini 
a lip seal. '1be bath ~ be lowered am raised to facilitate 
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'lbe weiibt of the clamel and the clamel support ~i_ ia 
me"asured usiJc the vertical load eell as abown in F~ 3.11. 
'Ibis allONS the operator to .ani tor whether 8IJT of the applied 
noIWU l~ on the 88IIPle is beinl& transm tted to the side 
wall or baffle plates of the channel throuIh friatiOil. If this 
is the case a correction to the no1WU loadi.nlr is -teo 
(iii) !~~_l~ eel! 
'lbe annular channel is restrained fna aoviJc with the rotatilc 
disc by the torque load eell. 1be load eell thus IIe8IR.R"ed the 
frictional resistance between the statiooary cbarmel filled with 
solid particles and. the rotatiDll disc. 
( i v) !:!2!!!!!!L riDll 
'lbe no1'llllll load on the lI8IIIPle of particles is varied usm. a 
load.i.Jc rina. 'lbe riJIII OODIIists of a PVC fl"8lle covered with a 
fine .ash (apperture aize 42 .,a). '1be 10llidinfl rina is plarei on 
the 88IIIPle and the load varied uam. braa weiibta which are 
tmifoIWly distributed arowd the charJDel as shoNn in n.ure 3.14. 
(v) Bath 
'lbe rotatiJc diac ard 8IJIJLI1ar damel are i rsed in tater to 
detel'lline the coeffiCient of friction tor aubIerJIed solid 
particles. 'l'be tater is contained wi thin a PVC bath as aboNn in 
FUure 3.11. 'lbe bath i8 aealed ...w.t the rotatinl&" abaft \.BUC 
a lip seal. 1be bath JIB1' be lowered and raised to facilitate 












J'iBur~ 1.1:1 Anoular channe l in r~vc"~d po.i tion 












3.3 Measured variables 
3.3.1 Frictionql resistance 
'!be total frictional resistance F of the annular channel filled with 
solid particles is calculated. as 
(3.9) 
where FL = force measured using torque load cell 
r = mean channel radius = 154 .. 
R = distanCe frail centre of disc to load cell = 192_. 
'!be load cell's strain gauge bridge bas a linear rel:'lti<mBhip between 
applied load and the ratio of voltage output to input voltage, Le. 
(3.10) 
where Vout = strain gauge bridge output voltage 
V. = strain gauge bridge supply voltage Ul 
mload = slope of calibration line 
c load = calibration line constant. 
'!be load cell is calibrated by applying various loads and recording the 
input and output voltages. '!be load cell used has a calibration range 
of 0 to 5 kg. '!be calibration curve is obtained frail a least squares 
linear regression analysis, and checked using the correlation 












3.3.2 Total DQCIIl load 
'!be total nol'lllBl load N actina OIl the S8IIIPle is evaluated as the ~ 
of the applied loadinll, weight of the loading ring and the subaerged 
weight of the solid 'P8l"ticles less any correction required, Le. 
where Mweigbt = IIBSS of weights placed on loading ring 
Mring = IIBSS of loadina ring .-
M = dry IBSS of solid particles s 
S = relative density of solid particles s 
Sf = relative density of liquid 
M = possible correction frca vertical load cell. corr 
'lbe correction tem is evaluated as the difference between the __ 
measured on the vertical load cell during the test and the .as of the 
channel support 1IIBChania.. 'ftle load cell has the S8IIe cbaracteristics 
and calibration procedure as the torque load cell discussed in Section 
3.3.1. 
3.3.3 Bptotiapol §p9Sd of disc 
The rotational speed of the disc is measured \.Eire a diaJi tal ~r. 
A length of reflective tape 1s fixed to the abaft of the rotatina disc. 
Bach time the reflective tape lJBSSe& the t.ach<:.eter it reflects the 
l~t beaa. 'lhe tachometer deteraines the rotational speed of the abaft 
fna the frequency of the reflected licht ~. 
Two lengths of reflective tape are placed. on oppoai te sides of the abaft 
to ensure that the tachaaeter is used in its opt~ accuracy ranae. 
The indicated rotational speed an the ~ter obtained this way is 












3.3.4 SOlid particle cpaeeptrltlgn 
3.3.5 
'lbe concentration of solid ll8rticles in the cbanDel is calculated as 
follows : 
c = 




= "s volUie of solid particles = -
Ps 
(3.12) 
., channel = volUlle of cbarmel occupied by solid particles 
= 11' Cra - r a) d o i 
ro = outer radil.8 of cblmnel 
r i = inner radil.8 of channel 
d = depth of channel occupied by solid particles. 
l-'!StU! 'SU:.S! 
'!be tellperatmoe of the liquid in the bath is IIIS8SUl'ed l.8~ a 1Ie:rotn"Y' 
the~ter. 
J:~aluation of Dynamic Coefficient of Friction 
,.., 
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3.4 Derived variables 
3.4.1 Dynamic coefficient of sliding friction 
Figure 3.15 shows how the dynamic coefficient of friction is calculated 
from test data. The frictional resistance is recorded for various 
normal loadings and plotted as shown in Figure 3.15. The rotational 
speed of the disc is kept constant during a test, thus the frictional 
resistance due to fluid shear remains constant. The coefficient of 
friction is calculated as the slope of the least squares best fit line, 
i.e. 
6 Frictional Resistance 
~d = 6 Normal Loa.cling 
3.4.2 Relative speeq between particles and disc 
The relative speed between the channel and disc is calculated as 
follows : 
v = rw 
where r = mean channel radius 
angular velocity of disc 
rr 
IN = = '3U'n 
n = shaft rotational speed (rpn). 
3.5 Operating procedure 
(3.13) 
(3.14) 
The test apparatus is designed to operate with a small clearance, small 
enough to prevent particles escaping from the annular channel, between 
the rubber seals of the annular channel and the rotating disc. Thus if 
any of the normal loading applied to the solid particles is transferred 
to the channel walls through friction, this will be detected from the 
output of the vertical load cell and a correction may be made to the 
normal loading acting on the solid particles. 
This procedure worked when testing sand particles (d50 = 2 mm). 
However, when testing classified tailings it was not possible to set the 
clearance between the seals and disc small enough to prevent solid 
particles from escaping from the channel. This problem is resolved by 












'11le consequence of this operatiOf; aKJdification is that it is no lonaer 
possible to correct the nomal. loadirC for any friction between the wall 
of the channel and the solid particles. IIoNeYer, in practice it was 
found that providing sufficient time was allowed for between loading the 
particles and readi.rC the torque transducer output, the variation of the 
frictional resistance with no:naal. lCJadi.rc was linear for a fixed disc 
speed. It was conchded that the effect of wall friction was a.all. 
'lbe dynamic coefficient. of slidiOf; friction is thus obtained. as the 
slope of the frictiooal. force versus IlOI'IIIIll. loadi.ng curve as shoNn in 
Figure 3.15. 
A further difficulty experienced duriJC the test work was the .ethod of 
varying the solids concentration, and ensurirc that the concentration 
reaained constant for a particular test. As it was not possible to do 
this, all tests were corducted at the .. vi-. concentration attainable 
in the channel. 'lbe variation of "'d wi th conoentration 1488 estillated 
using relation (3.8) fra. Butterfield am. AndraM!s t (1972) work : 
)Jd (loose) tan (6 looae) 
"'d (aen&e) GIl tan US aenBe) 
where 6 = internal .. Ie of friction _iob is evailBted. 
'lbe experiJlental test procedure is presented in Figure 3.16. 1be output 
of the torque transducer was .ani tored to detenIine the effect of the 
fricticxal forces between the solid particles am. the vertical sides of 
the annular chalmel on the no1'lBl load actirc on the solid particles. 
After the applied nomal. loadirc bas been cbanlred the torque transducer 
output varies with tillie, and stabilises to a oanstant value after about 
60 seconds. 'lhus the three IIiriute ~t qcle sboNn in 
Figure 3.16 was adopted to llinimise the effect of the .ide wall friction 













'!be torque load cell is calibrated before and verified after each 
series of tests. 
(ii) !~~_~ra~i~ 
'!be· rubber seals of the charmel are lUhtly coated wi til petrolaa 
jelly to ..:i.niai.se the friotion between the seals and the rotating 
disc. 'Ibe stainless steel disc is oleaned with acetone to ~e 
any contaminants. 
(iii) §!!E!~_~~ti~ 
'!be voluae of solids placed in the channel is detenained frca the 
solids relative density am the dry .as of the solids. 'Ibe 
solid partioles in the channel are vibrated by t&ppiIC the disc 
with a rubber BB1let. '!be vol\.llle occupied by the S8IIPle is 
calculated frca the depth of the S8IIIPle am the obarmel- ~try. 
Hence the solids concentration is calculated as the ratio of the 
voltlDe of solid partioles to the volu.! oocupied by the solid 
partioles. 
(iv) ~!~_~ 
'!be disc speed is set usina the variable speed electrio .,tor and 
measured using a diai tal tacbcaeter. _ 'lbe disc speed is measured 
for each nonBl. loadinl of the test series. It is vital that the 
disc speed is kept constant for the test series to ensure that 
the seal friction am fluid shear stress re.ai.ns constant. 
(v) ~!'!!! .!~.lna 
'!be nol'llBl load on the solid partioles i. varied by ~m. the 
m.IIber of sets of brass weights on the lc&iiJc rina. Bach set of 
brass weildlts oaaprises 12 weights which are distributed 













TEST PREPERA TION 
Coat seals with petroleum jelly. 
Clean disc with acetone. 
Place sample in annular channel. 
Fill bath with water. 
SET DISC SPEED 
Set desired disc speed using variable 
speed electric motor. 
t : 0 S INITIAL SOLID PARTICLE LOADING 
Place brass weights on loading ring to 
t : 15 s obtain initial solid particle normal loading. 
t : 120 s DA T A LOGGING 
Record torque load cell output every 
second for 60 seconds. 
Measure rotational speed of disc with 
t : 180 s digital tachometer. 
I 
t : 0 S SET NORMAL LOAD OUTPUT 
Add or remove brass weights 
to obtain desired solid particle 
Send recorded frictional 
resistance data to the plotter 
or printer. t : 15 s normal loading. 




Evaluate dynamic coefficient of sliding 
friction for solid particles. 
I 


















'!be data loaing conf~tion used for reoord:i.IC the test data 
is shown in FUtire 3.17. '!be data loaer converts the load cell 
output vol taaes ani supply vol taaes to digital silENlls _iob are 
read by the computer. 'lbese ~s are converted. to 
~ineerinlr units using the calibration constants. Output from 
the computer may be to the monitor, printer or plotter. 
'!be data logging program takes one set of readircs every second 
for 60 seconds. Figure 3.18 shows the results of a typical test 
series where the frictional resistance measured usinlr the torque 
load cell is plotted. against time. '!be frictional resistance for 
each data point (no1W1l loam.r.. ani frictional resistance) is 
calculated. as the average of all the readings taken over the 
60 seoom time period~ 
Torque Load Cell 
Vertical Load Cell 
10 v Power Supply 
DATA 
--.... LOGGER 
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3.6 Bxperi ,,!!,tal errors 
'1be experimental errors are evaluated using Brinkworth' s (1963) relation 
(2.18) for the highest expected error as discussed. in Section 2.5 of 
Chapter 2 : 
where x = value of quality 
8x = error in x 
n = E&Sm"ed variable value 
8n = error in n. 
3.6.1 Frictiqnal resistance 
'!be frictional resistance between the armular channel and the rotating 
disc is evaluated fl'Oal Equation (3.9) : 
where FL = force measured using torque load cell 
r = mean channel radius 












'lbe force FL measured usinC the torque load cell will contain a 
calibration error and a transducer error~. 'lbe calibration error in the 
DlBSS of the' calibration weights is ± 0,1 g. '1be transducer error is 
0,1% of the transducer range (5 ka), it e. ± 5 g. 'lbus the total error 
in measurina FL is ± 5,1 g. FraIl Hquation (2. 18) the hi_est 
expected error in F is: 
[:]~ = [~r [~r [~r 
+ [~]a [V]a [~]a (3.15) 
+ [;"]a [;]a [:]a 
where 
aF r 
61L = If 
elF FL 
rr = Ir 
ell' FLr 
all = - - . Ra 
Table 3.1 shows the ~t accuracies, transducer accuracies and 
the hiJdwat expected error in the _asur~t of the frictional 
resistance force F = 2,5 ka. Figm-e 3.19 shows the variation of the 
































TABLE 3.1 Expected highest error - frictional resistance 
Variables Measurea!nts 
F (kg) 2,500 
FL (kg) 2,005 ± 0,0051 
r (-) 154 ± 0,1 
R (-) 192 :!: 0,1 
6F (kg) 0,0043 
% Error in F 0,17 
1.0 
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3.6.2 '0,..1 loading 
'l1le nomal. loading on the S8IIPle .ay be calculated usiDII Equation (3.11) 
providing the seals of the annular channel are not in contact with the 
disc. However, to evah.ate fold for classified tailinlrs the friction 
apparatus is used. with the seals in positive contact with the disc to 
prevent particles escaping fna the annular cbarmel. 'lbe coefficient of 
friction is eval\.Bted frail the slope of the frictional resistance -
normal loading curve. If the friction between the S8IIIPle and the 
vertical walls of the channel lEY be nealected, AN is eval\.Bted as 
follows : 
6N = ("we~ts 2 - "weights 1)' , (3.16) 
'!bus the hiahest expected error eval\.Bted usi.ng Equation (2.18) is 
(3.17) 
+ [ 8 AN ]. ["we~ts 2]. [8 "weights 2 ]. 
et "weights 2 "Weights 2 





et Mweiabts 2 
= • 
Table 3.2 shows the IIe8SUl'eIIIIBIt accuracies and hiabest expected error in 












TABIB 3.2 Bxpected hiihest error - 1lOtwU. load; na 
Variables MeasuraEnts 
AN (kJe) 4,920 
Mweights 1 
(kg) 1,640 ± 0,0001 
Mweights 2 
(kg) 6,560 ± 0,0001 
" 6N (kJe) :!: 0,0014 
% Brror in AN 0,028 
3.6.3 Bel'tire speed betweep particles and disc 
The relative speed between the particles and disc is calculated. frc:. 
Equation (3.14) : 
V = I'Il1r -:m- ' 
where n = shaft rotatiOllBl. speed ( rpa) 
r = mean channel radius. 
'1b.e shaft rotational speed is EaSUred usiQr a w..i tal tacha.eter which 
has an accuracy of ± 1 rpa. 1be ~t speed of the shaft is 
increased by usirC two reflected strillS, thus the aocuraoy is increased 
to :!: 0,5 rpIl. The h~t expected error in .easurina V is evaluated. 
frc:. Equation (2. 18) as 
[~]~ = [ ~ ] a [~] a [:r] a 
(3.18) 
+ [~]Z [V]Z [:,]2 
where· 
dV nw 
ax: = '3tr 
;'V r1r 































Table 3.3 abowB the ~t accuracies, transducer accuracies and 
the hildlest expected error in the I8e8S\U'eIIeIlt of the relative speed 
between the particles and disc for V = 2 m/s. Figure 3.20 shows the 
variation of the hi~est expected error with relative velocity. 
TABLE 3.3: Expected highest errors - relative speed between 
particles and disc 
Variables Measurellents 
V (II/s) 2,000 
r (-) 154 t 0,1 
n (rpa) 124 :!: 0,5 
6V (II/s) 0,008 
% Brror in V 0,41 
1.0 
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3.6.4 ~id particle cOncentration 
'Ihe concentration of solid particles in the 8IDll.ar channel is 




p w (ra - r~) d s 0 1 
where M = IIIBSS of solid particles s 
Ps = density of solid particles 
r = outer radius of cbarmel 0 
r i = inner radius of channel 
d = depth of channel occupied by solids. 
'l1le highest expected error in C is evaluated usilllf Equation (2. 18) 
[~]~ = [~r [~r [~r 
+ [.0;;. r [~r rl~. r 
+ [~r [~r ["r:or 












where ac 1 d1r = 
s Ps 1r (r
a - r~) d o ~ 
ac 1 = a Ps pa • (ra - r~) d 
s o ~ 
ac -M 2 r s 0 
Tr = 
0 P 1r (ra - r~)a d s 0 ~ 
ac M 2 r. s ~ 
3r. = 
~ P 1r (ra - r~)a d 
s 0 ~ 
ac -M = s au p 1r (r2 - r~) d 2 s 0 ~ 
Table 3.4 shows the E8S\.U"eIEIlts accuracies and h~t expected error 
in the measurmBlt of the solid particles concentration in the annular 
channel for a typical test. 
TABLE 3.4: Bx:pected hiJdlest error - solid particle 
concentration 
Variables Measurements 
C (X) 52,3 
M (Ira) 1,995 t 0,0001 • 
p. (kaI.-)' 2650 :!: 10 
r (-) 
0 
174 :!: 0,1 
r i (-) 134 t 0,1 
d (-) 37 t 2 
6C (X) t 2,8 
X Error in C 5,4 
3.6.5 TRP9"rature 
1be water te.perature in the beth is measured usinat a 1lel"'C\n"Y' 












4. EXPBRIMBNTAL RESULTS AND DlsaJSSIQI 
4. 1 Sliding friction test results 
Figure 3.21 shows how the measured frictional resistance varies with the 
applied. normal. loading for a typical test series. 'Ibe coefficient of 
friction is calculated as the slope of the frictional resistance -
normal. loading curve. 
All tests reported. were conducted at a solids concentration of betloieeO 
56% SId 58% by vohae. 
No repeatable measurements were made using the Western Deel)B material. 
At high solids concentrations the Westem Deep slurry has an observable 
yield stress (Le. it forms a non-Newtonian mixture). A variable 
portion of the applied. normal loadina is transferred. to the annular 
channel via the yield stress of the Dlixture. 'Ibis results in a 
non-linear frictional resistance - normal loading curve, which also 
displays hysteresis. 'Ibis presents a dil~ regarding the operation of 
the sliding friction apparatus - if the device is operated with a a.al.l 
clearance bebleen the disc SId channel the actual noIWtJ. loadiqc on the 
solid particles may be evaluated, hoIoIever, if operated in this way the 
solid particles will escape fraa the charmel. It was thus concluded 
that the apparatus is not sui table for measurin8 the sliding frictional 
forces of fine particles in a non-Newtonian mixture. 
4.2 Influence of disc speed on the dyrwmic coefficient of friction 
Fi.aure 3.22 shows the effect of the relative speed between the particles 
SId disc on the dynaIIic coefficient of slic:n.n. friction for the 
Blyvoorui tsig material. 'lbe coefficient of friction "'d is seen to be 
constant with respect to speed SId has an averaae value of 0,44. 'Ibis 
vindicates the contention of Televantos et al (1979) that a variation of 
"'d with velocity is Jil7siCally unlikely. 'lbe decrease in "'d with 
increased speed reported by Briscoe et a1 (1983) is probably due to 
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Figure 3.23 and 3.24 show a similar trend for the East Driefontein and 
Vaal Reefs materials respectively. It is surprising that the P
d 
value 
for the East Driefontein material is less than that for the Vaal Reefs 
material as the East Driefontein material has a larger angle of internal 
friction (see Figure 2.16). It appears that the fines have a greater 
lubricating effect on the internal angle of friction of the particles 
than the sliding friction of the particles. 
4.3 Influence of particle size distribution on the dynamic coefficient of 
friction 
Figures 3.25 and 3.26 show the variation of ~d with the d50 and d10 
particle sizes of the Blyvooruitsig, East Driefontein and Vaal Reefs 
materials respectively. There appears to be no clear trend regarding 
the effect of particle size. It is likely that parameters such as 
angularity and sharpness (which are difficult to evaluate directly) have 
an important influence on the coefficient of sliding friction. 
4.4 Variation of dynamic coefficient of friction with solids concentration 
Figure 3.27 shows the variation of the measured angle of internal 
friction (static test described in Chapter 2, Section 3.6) with solids 
concentration for the Blyvoorui tsig material. The variation of Pd 
wi th concentration shown in Figure 3.27 is estimated using relation 
(3.8) from Butterfield and Andrawes (1972) work; 
Pd (loose) 
Pd (deriSe) 
tan (~ loose) 
tan ( ~ dense) 
Figure 3.28 and 3.29 show the estimated variation of Pd with solids 
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5. CHAP1'BR SlItJARY AND <XJtDmICHI 
Methods that have been used. to detel'lli.ne the dynamc coefficient of 
sliding friction between solid particles BId pipe wall are 
• Tilting tube 
• Shear box 
• Rotating cylinder 
• Rotary shear meter. 
Of these methods the rotary shear meter is considered the IIKlBt objective 
test method, as no interpretation as to the interparticle stress 
distrirution or onset of particle s1idi.JC is required. 'Ibus a solid 
particle sliding friction apparatus bas been constructed based on the 
rotary shear meter. 'ftle apparatus BId the operating procedure have been 
described, BId experimental errors evaluated. for all mea8ure.ents. 
'ftle four materials used in the pipeline tests (Blyvooruitsig, Bast 
Driefontein, Vaal Reefs and Western Deeps) have been tested in the 
friction apparatus. It was not possible to determine the coefficient of 
friction for the Western Deeps material as it formed a non-Newtonian 
mixture at high solids concentration. 'ftle conclusions fraa the test 
work are : 
( i) An apparatus bas been developed to detel'lli.ne the coefficient of 
slidi.JC friction for fine arained particles. 
( ii ) If the solid ... terial fol'lDS a non-Newtonian mixture it is not 
possible to determine the coefficient of friction due to 
difficulty in evaluating the no~ loadi.rc on the soli~ 
particles. 
( iii ) '!be measured dynamic coefficient of slidi.JC friction reIE.ins 
constant with speed for the three settlillll -.terials evaluated 












(iv) There appears to be no clear trend regarding the effect of 
particle size distribution on the dynamic coefficient of sliding 
friction. 
(v) The variation of the dynamic coefficient of friction with solids 
concentration has been assumed to be similar to the variation of 















































































DENSE PHASE FI..aV A REVIEW OF ANALYTICAL METHODS 
1. IN~DUCTION 
Wilson (1982) defines dense phase flow to exist when the concentration 
of the solid particles approaches that of the loose packed (freely 
settled) solid particle concentration. Streat (1986) describes dense 
Jilase flow as a flow regime in which, most, if not all the solids 
travelling in horizontal flow are conveyed as contact load, with the 
sut:merged weight being transmitted to the pipe invert. 
For the purposes of this investigation dense phase flow is defined to 
exist when : 
(i) the concentration of the solid particles equals or exceeds the 
freely settled particle concentration. 
(ii, the dominant mechanism supporting the particles in the mixture is 
interparticle contact. The mixture is essentially a settling 
mixture in which the particles are prevented from settling by the 
high solid particle concentration, as opposed to a stabilised 
mixture in which particles are supported by a fluid yield stress~ 
Leung et a1 (1969) in considering vertical hydraulic conveying 
distinguish 'Qetween fluidised bed flow and packed bed flow. In 
fluidised bed flow the solid particles are essentially supported by the 
liquid through fluid dynamic drag. In packed bed flow the solid 
particles travel en bloc with permanent contact between them and little 
mixing occurring. Both the s<?lid and liquid phases are continuous and 
capable of transmitting force. ThUs the terms dense phase flow and 
packed bed flow are considered synonymous for the purposes of this 
investigation. 
This chapter reviews existing techniques for predicting pressure 
gradients for the hydraulic transport of high concentration slurries. 













2. THE STRBAT DF.NSB PHASE SLIDING BBD foD.)EL F<E IDUZCNI'AL FlDf 
2.1 Description of model 
'1he Streat dense JiIase model has been developed over a m.aber of years -
Bantin and Streat (1972), Streat et a1 (1976), Streat (1982) and Streat 
( 1986) • '1his review of Streat' s .:xiel is prillarily based on his 1986 
JBper - "Dense Jimse flow of solids-water mixtures in pipelines: a 
state of the art review". 
'1he dense JiIase model is a special case of Wilson's (1970) sliding bed 
model. '1he pressure gradient required to move a sliding bed through a 
pipeline at a JBrticular velocity is detel'lllined by applyinac a force 
balance across a pipe section. Figure 4.1 depicts a sche.atic view of a 
sliding bed in a pipeline. '1he sliding bed occupies a portion of the 
pipe defined by the deposit angle , (in dens  JiIase flow fI equals 
11), and moves with an aver&ae velocity VB. '11le suspension above the 
bed occupies a portion of the pipe defined by .. -, and travels at an 
average speed V S • 
Within the sliding bed the pressure gradient 4P per tmit length of 
pipe will cause a seepaae flow of the liquid between the interstices 
between the particles. Providing the JBrticles are gall (and 
consequently the interstices between the JBrticles gall) the seepaae 
flow throuah the bed is considered to be sufficiently SIIalI to be 
neglected. However, the pressure force exerted by the seep:ce flow to 
the JBrticles in the bed through fluid dynamic drag is significant. 
'1his pressure force together with the shear stress 1'Bi acting at the 
interface of the sliding bed constitute the dri viol forces an the 
sliding bed. '!he motion of the bed is resisted by the shear stress 't':aw 
acting between the sliding bed and pipe wall, thus a force balance per 
unit lenath of pipe yields 
where (1 - a) = ratio of area occupied by bed to total 
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1be forces actina on the suspension above the slidi.rc bed. are due to the 
pressure aradient aP act~ on the sectional area occupied by the 
suspension, the shear stress TSi actina a~ the interface between the 
sliding bed. and suspension, and the shear stress 'rSw between the 
suspension and pipe wall. Applying a force balance on the suspension 
per tmi t length we get 
Ap ~ aD' 4 + D ( 4) U ~ = TSi S1n v TSw n - v (4.2) 
Adding equations (4. 1) and (4. 2), and noting that ~i = 'rSi ' we 
obtain the total force balance per tmit length of pipe for stead7 flow 
(4.3) 
~~_!~--!Ct!n'~t~~_piE! W!!! .. !I!:!- sli~~ 'rBw 
'!be bed motion is resisted by the solids-wall and liquid-pipe wall 
frictional forces. '11lus the resist~ shear stress aatinM between the 
sliding bed and pipe wall is the 8\a of the shear stress due to the 
solid and liquid phases, i.e. 
(4.4) 
'!be liquid phase shear stress 'rBt is 8OCO\K1ted for by defining a 
friction factor for the portion of pipe occupied by the slidi.rc bed 
(4.5) 
where fB = friction factor 
P
IIB 
= aixture density- of the bed. 
'!be slip velocity- between the liquid and solid particles is ~ to 
be nealiaible, tbl.B the kinetic enerQ of the bed as a whole is included 
in expression (4.5). 1be friction factor fB is taken to have the same 












'!be shear stress due to the solids-wall friction is evaluated as..mg a 
linear relationship between the total normal. radial stress oR and the 
tangential frictional shear stress TBs acting at the sliding bed-pipe 
wall interface. 'lbe coefficient of proportionality being the dynamic 
coefficient of friction between the pipe wall and sliding bed 
(TBs = Jld oR)· 'lbe normal. stress at any point on the pipewall is 
evaluated asSl.Ding that the ~ IIBSS exerts a hydrostatic type of 
pressure proportional to its own weigbt, Le. 
where Ss = relative density of solid particles 
St = relative density of liquid 
CB = vol\.lletric concentration. 
(4.6) 
1be hydrostatic interparticle stress distri'bltion (eq\Btion 4.6) was 
developed by Wilson (1970) throlCh a series of tests on the slip points 
of beds in sloping pipelines. 'lbese experiments are discussed in 
Section 2.1 of Chapter 3. 
Streat postulates that the shear stress TBi acting on the bed 
interface bas an associated. no1'lll8l interparticle stress equa1 to 
TBi/tan ., , where ., is the ~le of repose of the granular IIIBterial. 
'11lis normal. interparticle IJtress is known as the ea.nold dispersive 
stress (Govier and Aziz (1972». 'lbus the nolWll pressure acting on the 
pipe 1Bl.I at any point defined by angle a is found intearatinl 
eq\Btion (4.6) and adding the Bagnolds dispersive stress : 
T 
OR (a) = tIll, + p • (S s - S t) ~ ~ (cos (l - cos .) • (4.7 ) 
1berefore the looal shear stress due to the solid particles at any point 













Sh~tI'es!..~ti!!!_~~ ElUBP!ll!iOl1_~_l!i~! ~Sw 
'lbe shear stress at the pipewal1 due to the S\JS'PBlSion is deter.ined by 
definina a friction factor for the portion of pipe occupied by the 
suspension : 
(4.9) 
where fS = friction factor 
PraS = JU.xture density of suspension 
Vs = .ean velocity of suspension. 
'Ibe friction factor fS is taken to have the Sa.! value as for an equal 
discharge of clear liquid. 
Total force balance ----------
'lbe pipe wall shear stresses due to the suspension (equation (4.9», the 
liquid Jimse of the slidinrir bed (equation (4.5» and the solid particle 
slidina friction of the bed (equati<m (4.8» are substituted into the 
force balance equation (4.3) : 
• 
4P ~ = 2 J ~ (<I) ~ d <I + ~ D • + ~Sw D (w - .) • (4.10) 
o 
PerfOl'lli.nlr the in~tion we ~t 
1Ina. [D'~i 
.-- P I&:lor = I'd tan f 
Da ] + P 1& (S s - 1) ~ r (siD • - • COB ') (4.1.1) 
+ % fB PmB VB D' + "fs PIllS Vg D (w - ') 












'!be shear stress acti~ between the slid.ina bed aoi suspension is 
defined as 
't'Bi = % f. P, . (V8 - VB)· 1. Dll. 
where f. = interface friction factor 1. 
p. = interface Ilixture density. Dll. 
(4.12) 
Substi tuting equation (4. 12) into expression (4.11) aoi simplifying we 
get : 
where 8 . 
Ill. 
8mB 
2 tid fi 8mi (V8 - VB)· 
tali , a D 
= interface llixture relative density 
= relative density of bed 
8mS = relative density of suspension. 
(4.13) 
'!hus the total ~ic gradient is the Bla of the contributions due 
to : 
• 
( i ) the slid.ina frictional shear stress between solid particles and 
pipe wall due to ~ldt s dispersive stress arising from the 
shear stress at the bed interface. 
( ii ) the slid.ina frictional shear stress between solid particles and. 
pipe wall due to hydrostatic pressure distribution exerted by the 
subDeraed. weight of the slidina bed. 
(iii) Fluid shear between the slidi.JC bed. and the pipe wall. 












For the special case of dense Jilase flow equation (4.13) lIllY be 
simplified notinar that the interface shear stress tera equals zero and 
the fluid resistance tel"lD due to the suspension vanishes as ,= 11' • 
'lbus we get 
(4.14) 
Observinar the followinat : 
( i ) As the ill:::li Lu concentration Ct equals the concentration of the 
bed C
B 
(ii) 'lbe IE8Il mixture velocity V eqaals the velocity of the bed • 
(iii) 'lbe friction factor for the bed is asSlued. to equal the value for 
clear liquid, i.e. fB = f t ' 
we lIllY silliplify equation (4.14) : 
V a 
where it = 2 f t gaD' 
2.2 Discussion 
'lbe slidinar frictim tera in streat' s aodel (first tera in 
(4.15) 
eqlBtion (4.15» is i.ndeperdent of pipe di8lleter ani aean ai.xture 
velocity. 'Ibis implies that at low velocities (where the contribution 
due to fluid shear is BIBlI) the pressure gradient is independent of 
pipe diameter. FiiUre 4.2. compares the aeasured. preSBUre aradients ani 
pressure gradients calculated usm. Street's .-del for the Vaal Reefs 
slurry at a solids concentration of 45,5S by volt.IE in 25 _, 40 _ and 














































































Vaal Reefs - Horizontal 
28 mm NB me.sured 
2!5 mm NB stre.t 
40 mm NB me.sured 
40 mm NB stre.t 
80 mm NB me.sured 
80 mm NB Stre.t 
C = 45,5% 





./ .... / .. 
./ .. / 
./ /" 
./ / .... 
./ . ."",..,.. 
/ /" .",.,... .,.,,--
.",.,... .. .. .....-.. 
~. ----- ---~:.= .... ::: -- ---
0.5 1.0 1.5 2.0 2.5 




Vaal Reefs - Horizontal 
+ 28 mm NB me •• ured _.- 2!5 mm NB stre.t v = 2 m/s 
C 40 mm NB m ••• ured 
---- 40 mm NB stre.t 
-
i:A 80 mm NB m ••• ured 
- 80 mm NB stre.t 
--
35.0 40.0 45.0 
Solids concentration 
50.0 55.0 
[" by vo lume] 
1.50 1.60 1.70 1.BO 1.90 















friction with concentration shown in F~ 3.29 has been used as input 
for the model. 'ftle Streat model is seen to predict identical pressure 
gradients for all three pipelines at low velocities, with the pressure 
gradient in the BII8l.1 di8llleter pipeline beire the highest at higher 
ve10ci ties. Although the shapes of the predicted pressure gradient -
mean mixture velocity curves are sillilar to the measured. curves, the 
Streat model over-predicts the pressure gradient for all three 
pipelines. 
FiJnn'e 4.3 shows the variation of the measured. pressure gradients and. 
the pressure gradients calculated usire Streat' s 1IOde1 with solids 
concentration for the Vaal Reefs sl\llTY' at a mean llixture velocity of 
2 m/s for the three pipelines. 'ftle Street 1IOde1 predicts a linear 
increase in pressure gradient wi tb concentration in contrast to the 
sharp increase in the measured pressure gradient with concentration. 
'!he Streat dense Jimse model has been developed for one solids 
concentration - Le. when the lnsJtu concentration Ct equals the 
freely settled particle concentration C.m' 'ftle dynamic coefficient 
of slidi.nM friction is the only ~ter used to characterise different 
solid particle types. 'lbe fluid shear tel'll l'E!Iains constant for a 
particular pipeline and. conveying velocity irrespective of the particle 
size distribrtion of the solids in the 1IIixture. 
'!he slidi.nM bed is IIIOdel1ed as an int.e,crated. p1U1& .wire with a unifo1'Bl 
velocity diBtribrtion across the pipe section. Flow observations 
(Chapter 2, Section 4.4) have, however, shown that at solids 
concentrations. oorrespcrdi.na to the freely settled particle 
concentration ~tric velocity profiles are evident. 'Ibis iIIplies 













3. smBAT'S ANALYSIS OF SOLIm-LIQYID MIrl'URBS FIDmIG IN YBRTlCAL PIPES 
3.1 Analysis 
Street and his co-workers have investigated the vertical flow of 
solids-liquid mixtures in a nUlllber of papers - Cloete et a1 (1967), 
Bantin and Streat (1970), Bantin and Streat (1972) and Streat (1986). 
'111e review of his analysis of the vertical flow of slurries is based on 
his 1986 -paper - "Dense Pmse flow of solids-water mixtures in 
pipelines: a state of the art review". 
streat states that the sutmeraed. weiidlt of solids in a vertical pipe, 
acting vertically, does not transmit any stress to tlle pipe 'Walls. 
Exceptions are cases where the slurry .oves as a packed bed. in which 
solid particle - pipe 'Wall stresses will be significant. 'Ihus tlle solid 
particle shear stresses at the pipe 'Wall are likely to be silDificant 
for the dense phase flow considered. in tllis investiaation. Although 
Streat ignores these stresses in his analysis it is useful to exMri.ne 
his method as it provides a basis for analysing tlle vertical flow of 
solids-liquid mixtures in pipes. 
streat considers the enerIY losses in the vertical upward transport of a 
solic;l-liquid llixture to be the S\a of the potential eneray changes which 
are reversible and the irreversible losses due to ~ and liquid-wall 
friction. '111us the total pressure gradient is the S\a of the 
hydrostatic pressure caIJ)OIleIlt and the pressure losses due to friction 
(4.16) 
~ta~!c_~~~ 
If the enerIY dissipated in raisi.ng the slurry by a l.Wlit height per 
second is ~,then 














This energy loss, ~ is equal to the delivered volume per second 
multiplied by the pressure loss due to the potential energy increase of 
the slurry, i.e. 
where i h = hydraulic gradient due to hydrostatic 
(i.e. reversible) component. 
Equating expressions (4.17) and (4.18) 
A V 
i = s s S 
h A V s AV = m m 
Noting that the delivered volumetric concentration of solids, 
A V 
s s 
Cd = A V 
m 






The driving force per lmit length is due to the total hydraulic gradient 
(4.22) 
The motion of the slurry is resisted by the StIB of weight components due 
to the liquid and solid phases and the shear stress acting at the pipe 
wall per lmi t length : 
FR = (1 - Ct ) Pi gA + Ct Ps g A + "r lTD (4.23) w 
where T = % Pm V~ f t w 
f












Assuming steady flow conditions we can equate expressions (4.22) and 
(4.23) : 
= + + (4.24) 
where ie = hydraulic gradient for clear liquid. 
Noting equation (4.21) for the reversible hydraulic gradient i
h 
in 
expression (4.24) we can write the total hydraulic gradient as : 
where Cd (Ss - St) + Sf = reversible hydraulic gradient 
(Ct - Cd) (Ss - St) = friction loss due to slip 
= wall friction losses. 
3.2 Discussion 
The friction losses due to slip arise from the drag forces on individual 
particles caused by the relative velocity of the liquid and solids. For 
high concentration mixtures this slip velocity is negligible 
(Appendix B) and the insitu concentration will be closely equal to the 
deli vered concentration. Thus for high concentration mixtures 




Note that equation (4.26) has been derived for vertical ~ flow; 
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Figure 4.4 compares the measured vertical down pressure gradients and 
calculated pressure gradients using Streat' s analysis (equation (4.2'7» 
for the Vaal Reefs slurry at a solids concentration of 45,5% by volume 
in 25 11IIl, 40 DID and 80 DID NB pipelines. The shapes of the measured and 
predicted mean mixture velocity curves are similar, although the Streat 
analysis under-predicts the pressure gradients for all three pipe 
diameters. The Streat analysis more closely matches the measured 
pressure gradients as the pipe diameter is increased. This implies that 
the Streat analysis does not adequately model the flow mechanisms, and 
this deficiency is more pronounced in small diameter pipes. 
Figure 4.5 shows the variation of the measured pressure gradients and 
the pressure gradients calculated using Streat's analysis wi.th solids 
concentration for the Vaal Reefs slurry at a mean mixture velocity of 
2 mls for the three pipelines. The experimental curves are seen to 
diverge from the Streat analysis as the solids concentration increases. 
It is apparent that the effect of solid particle - pipe wall frictional 
forces, which are ignored in Streat's analysis, become significant at 












4. WIL9ON. BJDN AND STRBAT'S rmBL lim DBNSB HIASB YBRTICAL f'Wf 
4.1 Description of model 
Wilson, Brown aid Streat (1979) have ocapared the Streat vertical flow 
model (described in Section 3 of this chapter) with experimental data 
obtained on the ~ic hoisting of ~ solids at high 
concentration in vertical pipes. 'lbey have observed that the llixtmoe 
bas a friction gradient (based on the total pressure nadient ..un.. the 
reversible colt.ml effect) which is considerably neater than that for an 
equal discharare of clear liquid. '!be authors propose a IIB'tbod of 
calculating the mixtmoe pressure gradient based on fluid aid particulate 
friction mechaniSIIB. '!be pipe section is divided into three zones : 
( i) A zone of constant concentration (equal to the freely settled 
particle concentration) with no velocity ~ent occupying the 
central portion of the pipe section terEd the (;(JI'fJ. 
(ii) An annulus surroundirc the core in which the solids concentration 
aid mixtmoe velocity vary. 
(iii) A near wall zone in whiqh.the fluid shear aid solid particle 
slidirc friction is iDIputed to the pipe wall. 
'Ibis review describes the specific case of dense limse flow in which the 
annulus of va.ryi.rc solids concentration aid IIixture velocity is absent -
i.e. only the core aid the near wall zone exist. 
'!be total shear stress 'rT acting in the solid liquid laixtmoe bas a 
maxillla value at the pipewall aid decreases linearly to zero at the 
centre line of the pipe, i.e. 
= d' D (1 - 2~) 
't'T P • 1f l' D 
= ~ - Ct (Ss - St) = ~ic friction nadient 
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'ftle total shear stress 'rT is the S\a of the <XIIIJ)ODeI'lts due to the 
liquid JiJase and the solid particles 
'rT = 'rt + 'rs • (4.29) 
Referrirc to FiiUl'e 4.6, the authors postulate that a core of constant 
concentration and velocity exists in the centre of the pipe. The 
closest proximity to the pipe wall that the centre of a particle can 
achieve is equal. to half the particle m.a.eter, thus ~ = d/2 
deua.rcates the outer layer of particles. Between ~ = d/2 and the pipe 
wall there exists an annular l'eIlion of "particle lean" liquid. It is 
the limi tire case where the core extends to the outer layer of particles 
at (= d/2 that is of specific interest. 
As the liquid y:iIase shear stress at ~ = d/2 ecpUs zero (no velocity 
gradient), the solid y:iIase shear stress .aT be evaluated usirc 
equation (4.28) : 
. 'rs (d/2) = p If if ~ (1 - ~) (4.30) 
The dispersive noIWal. stress at ~ = d/2 is evaluated usirc the aa.nold 
relation : 
T (d/2) 
asH (d/2) = tan , (4.31) 
'Ibis I101WBl. stress is transm.tted throuIIb the "particle lean" annulus by 
the particles in direct OOIltact with the wall. 'lbe shear stress at the 
pipe wall due to the slidirc particles is obtained by atl tiplyirc the 
noI'lBl. stress by the ~c coefficient of friction 












From equat10n (4.29) and by substituting relations (4.30) and (4.31) 
into expression (4.32) we obtain the shear stress at the wall due to the 
liquid phase : 
= [ 
iJd d ] 
"t'Tw 1 - tan .,. (1 - IT) (4.33) 
The velocity at ~ = d/2 is obtained using the logarithmic velocity law 
v (d/2) 
* * [ 0,5 d Vc 
= Ve 2,5 en ( II ) + 5,5 ] 
r:r-
* where Vt = f!W = shear velocity associated with the 
fluid wall stress. 
(4.34) 
As the core occupies virtually the whole pipe, the ~elocity at ~ = d/2 
will correspond to the mean velocity V if the slip between the fluid 
and solid phases is neglected. 
4.2 Evaluation of Bagnold's dispersive stress 
To determine the Bagnold dispersive stress normal to the pipe wall 
(equation (4.31» a value of the ratio of stresses in a sheared particle 
matrix is required. Shook and Daniel (1965) have presented a 
formulation to evaluate tan.,. based on Bagnold's (1954) and (1956) 
work : 
tan.,. = 0,32 
tan.,. = 0,75 
= 
for G2 > 3 700 
for G2 < 28 
= linear concentration = 














'Ibis description of Wilson, Brown BDi Streat's .ode1 for the vertical 
flow of high concentration lIlixtures is a special case of a IIOre COIIIp1ex 
analysis which includes an amtUl.\.B of varyirc velocity BDi ooncentratioo 
between the near wall particle lean zane and the high concentration 
constant velocity core. 
Figure 4.7 caapares the measured vertical down pressure aradients BDi 
calculated. pressure gradients \.Bing the Wilson et al 1IOde1 for the Vaal 
Reefs slurry at a solids concentration of 45, 5X by vo1uae in 25 _, 
40 .. and 80 _ NB pipelines. 'lbe slopes of the predicted pressure 
gradient - mean Ilixture velocity curves are steeper than the 
experimentally measured curves. 'lbe fo11~ ~ra were used as 
input for the Wilson et al 1IIOde1 
( i) Particle di"Pftter - d 
'Ibe d50 particle size is taken as the representative particle 
dia.eter. 
( ii) Coefficient of sliding friction - lid 
'lbe variation of the ~c coefficiellt of friction with 
ooncentratiOll sboNn in ~ 3.29 is used as input for the 
.ade1. 
(iii) BMne1d's dispersive stress - asH 
'11Ie value of tera ., is eval\Bted as dillC\&led in sectioo 4.2, 
as.wi .... a linear variation of tan., with Ga between the two 
regions in which tan., remains constant. '!be -.xu... particle 
packirc density is taken to be 701 by vo1uae. 
Figure 4.8 shows the variatiOll of the measured pressure aradients and 
the pressure aradients calculated usinlr the Wilson et fjl DIOde1 with 
solids concentration for the Vaal Reefs slurry at a IIII!l8Il aixture 
velocity of 2 als for the three pipelines. 'lbe Wilson et al .. 1 
presents a IDeCbanisa (absent in Street's anal)'Bis) by which the solid 
Ji1ase shear stress is transferred to the pipe wall (via the ~ld' s 
dispersive stress). It does not, however, predict the sharp increase in 
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Vaal Reefs - Vertical Down 
+ 215 1111 H .. a •• urad _.- 215 ... N8 Wl1.on at a1 
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5. CHAPl'BR stH1ARY AND CXH1U3IOOS 
Dense Ji1ase flow is defined. to exist when the concentration of solid 
particles equals or exceeds the freely settled. particle concentration, 
and interparticle contact is the dominant mechanism supporting the 
particles in the mixture. 
'lbe Streat dense Jimse model has been developed for essentially one 
concentration - when the concentration of the solids equals the freely 
settled. particle concentration. 'lbe model fails to predict the steep 
increase in pressure gradient with solids concentration observed. in 
experimental measurements. 
'lbe Streat analysis of solids-liquid mixtures in vertical pipes does not 
take into account shear stress at the pipe wall due to the solid JiJase. 
'lbe analysis provides a means of separat~ the h1drostatic and friction 
components of the total pressure gradient. 
'lbe Wilson, Brown and Streat model for hiib concentration flow in 
vertical pipes postulates that the solid Jimse shear stress is 
transferred. to the pipe wall via mecbani.cal slidina friction, with the 
~ld' s dispersive stress providing the required. no1'llBl. interparticle 
stress. 'lbe model, however, does not predict the steep increase in 













MI!nIANIS'1'IC KDBL Fm mB DBNSB HIASB FJJ:M 
OF CYCLCtiB GLASSIFIBD TAILINQ8 
1. INTRODUCTIOO 
1. 1 Backsround 
In Chapter 4 it was shown that there is no dense phase model 
available which accurately predicts pressure gradients for the flow 
of high concentration cyclone classified. tailings. The objective is 
thus to determine the flow mechanisms of dense phase mixtures in 
pipes, and to develop a model to predict pipeline pressure gradients 
for high concentration cyclone classified. tailings. 
1 .2 Overview of the dense mase mechanistic IIOdel 
The basic relations (velocity and stress distributions) required. for 
the dense phase model are described in Section 2. The solid 
particles are considered to be represented. by a sil1llle 
characteristic particle size. The governing differential equation 
describing the velocity distribution in a pipeline conveying a 
solids liquid mixture is developed. (Roco and Shook 1983) from the 
Cauchy momenttm equations for each phase of the mixture (Section 
2. 1 ) • The total shear stress distribution in the mixture is shown 
to be linear for a hanogeneous slurry flowil1ll in a circular pipe 
(Section 2.2). The viscous and turbulent shear stress relations for 
a Newtonian fluid are presented (Section 2.3). Stress relations 
wi thin the granular matrix of the solid phase are developed. and the 
coefficient of lateral interparticle stress introduced. (Section 
2.4) • The solid phase shear stress at the pipe wall is examined 
(Section 2.5). In the light of the shear stress relations 
developed, the differential equation for the velocity distribution 
is considered. for the sheared. and \.DlSheared zones of the solid 













Bquati<Xl (5.7) states that for steady, mlifora, tmidirectional flow 
the mixture shear stresses, body forces ard pressure forces acting 
on an element of slurry are in equilibritm. 
2.2 Shear stress distribution 
'!he shear stress distribution aay be evaluated. by analysing the 
forces acting on a cylinder of radius r inside a pipe as shown in 
Figure 5.2. '!he local mixture density is taken to be a fW1Ction of 
both y ard z. Wallis (1969 p.l11) considers an axially synaetric 
concentrati~ distribution. '!be force balance on the cylinder 
yields : 
r dp r . 
1:m = '2" ax - '2" Pt g S1n • 
(ps - Pi) g sin. Jr 
Z1rr 
-r 
where f(z) = j r a - z· 
(5.8) 
f(z) 
J c (y,z) dy dz 
-f(z) 
Equation (5.8) indicates that generally the shear stress 
distribution wi thin a pipe will not be linear. However, for the 
particular case of the hilh concentration flows tDier consideration 
the concentration distribution c (y, z) lEY' be asstmed. to be 
constant across the pipe section, ard Equation (5.8) reduces to : 
r [dp .] "e. = 2" ax - p. g S1D • (5.9) 
'lberefore the shear stress distribution across the pipe section will 
be linear if the concentration distributi<Xl is constant. Note that 
for the special case of a horizontal pipe the last two te1'lllS of 
equation (5.8) fall away, indicatina that for a horizontal pipe the 































2.3 Shear stresses due to liquid phase 
The shear stress due to the liquid phase has components due to the 
viscosi ty and turbulence of the mixture, i • e. 
= (1: e ) turbulent (5.10) 
2.3.1 Viscous shear stresses 
The rate of strain in the fluid is related to the viscous shearing 
stress as follows : 
~v. 
( ) = f ( ~) 
T: t viscous rx:- (5.11) 
l. 
Relation (5.11) is known as the constitutive or rheological. equation 
for the fluid. For purely viscous fluids this relation describes 
the rheological behaviour of the fluid. '!he constitutive equation 
for a Newtonian fluid is 
(1: t ) viscous 
~v. 
~ = I" (rx:-) 
~ 
where I" = dynamic coefficient of visoosity of the fluid. 
2.3.2 Turbulent shear stresses 
Roco and Shook (1984) consider turbulence at a point to be defined 
by six independent coefficient a... Stresses 1:.. are then 
~J ~J 
expreaaed by means of partial deri vati ves of the time-averaged 
kinetic energy multiplied by a coefficient (I •• 
~J 
«I .. p v~) 
~J J 
~x. 













2.4 Shmr stress acting wi thin the solid d!ase 
2.4.1 Solid phase stress relqtions 
The analysis of the stress in the mixture due to the solid Jilase is 
limited to the special case of dense Jilase flow, i.e. the 
concentration of the solid particles is greater than the freely 
settled (loose poured) concentration. In this case the solid 
particles are supported via interparticle contact - there are no 
particles supported by turbulence. 
Consider the interparticle normal stress and shear stress acting on 
face k of the element shown in Figtn'e 5.3. At failure, i.e. when 
the element slides relative to the adjacent elements, ~ sk and 
~ skx are related as follows : 
where k = y or z 
o = internal angle of friction of solid particle 
DBtrix. 
If the shear stress acting in the mixture is less than the product 
of the normal stress "t'sk and the tangent of. the internal angle of 
friction 6 failure will not occur. Thus there will be no relative 
motion between the elements and they will travel as an integrated 
plug. Thus the above relation is better expressed as the followinat 
inequality (as Wilson et al (1979) noted) : 
(5.14) 
When the solid particle DBtrix is sheared (particles slide relative 

















~: k = y,z 
... 
x 
Solid phase normal and shear stresses 
The no11lBl interparticle s ress 1:' sk acting in the yz plane has 
components due to : 
( i ) the axial no11lBl stress acting in the direction of flow 
( ii ) the subDerged. weight of the solid particles acting 
perperdicul.ar to the direction of flow. 













2.4.2 Shear stress distribution in dense phase flow 
Fiaure 5.4 shows the shear stress distribution (Equation 5.9) due to 
the pressure gradient, and the shear stress 't' at failure in a syx 
horizontal pipe. ("t' >f '1 increases towards the bottan of the syx 8.l. ure 
pipe due to the added contribution of the self-weight of the 
particles to the no:nna1 stress "t'sy In the central portion of the 
pipe it is seen that the total shear stress imposed. is insufficient 
to cause failure. The two stress distributions intersect at points 
a and b corresponding to the initiation of failure. In the outer 
armulus the solid matrix is sheared. with the excess shear being 




Total shear stress 
(Equation 5.9) 




• Unsheared core 
II Sheared annulus 













2.4.3 Norwl ,tress due to apPlied axial stress 
Wi thin the a.rray of coarse particles the fluid pressm-e gradient 
causes a seepaae flow of the fluid between the interstices of the 
granular matrix. 'lhe seepage flow IBY be considered nealiaible, 
providing the interstices between the solid particles are small. 
Appendix B presents the calculation of interstitial laminar flow and 
a worked example. 'Ibis seepace flow exerts a stress on the 
particles in the direction of flow due to fluid dynamic drag. As 
the seepaae flow is considered neal~ible, the fluid pressure 
gradient to overcome friction between the particle matrix ard pipe 
wall is asstmed. to be entirely transferred to the particles as an 
interparticle stress. 
Considering flow in inclined pipes an additional stress acts in the 
direction of flow due to the subDe~ed weiltht of the solid particles 
acting in the x direction. F~ 5.5 illustrates the two special 
cases of vertical up flow ard vertical down flow. In the case of 
flow vertically up the subae~ed weiltht of each particle acts 
downwards while the fluid dynamic drag force acting on each particle 
due to the pressure gradient required to overcane frictional 
resistance acts upward, thus the net force acting on each particle 
is the difference between the pressure force ard its own BU1:me~ed 
weight. For vertically d.ownward flow the net force acting on each 
particle is the S\II1 of the pressure force ard the sut:me~ed weiltht. 
The net interparticle axial stress acting on the assembly of 





't' = sx 
dp = ax 
S = m 
St = 
• = 
= I ~ - (Sm - St) p g sin. , 
axial normal interparticle stress 
fluid pressm-e gradient to overcane frictional 
resistance 
relative density of mixtm-e 
relative density of liquid 



















(4) = - 90°) 












'1be stresses actm. on an idealised element in the granular mass are 
shown in Figure 5.6. Fran soil mechanics a normal intergranular 
stress T sk will act at right angles to the applied n01"Dlll 
intergranular stress 't' (Wilson (1981) ). '1be normal stresses are sx . 
related as follows : 
= «'t' ax 
where IC = coefficient of lateral interparticle stress 
k = y,z 
(5.18) 
The coefficient « is a f\D'lCtion of solids concentration (particle 
packing density), particle size distribution, particle shape 
distribution and friction between the solid particles. As the dense 
Jilase mixture is assuoed. to be haaogeneous the value of IC is taken 
as constant across a pipe section. For a \mit length of pipe the 
normal intergranular stress is assuoed. to be : 
(5.19) 
(T ) 
sx axial ~, ---.. 
-
! 












2.4.4 NQCIII stress dUe to we1qht of part1cles 
'Ihe normal interparticle stress "t'sk has an addi tiona! caaponent 
due to the self-weight of the solid particles acting in the yz 
plane. The normal stress at a point in the pipe section is 
evaluated asSl.llling that the granular mass exerts a hydrostatic type 
of stress distribution proportional to its own weight (after Wilson 
( 1970) ). Asstming a hOlDOliCeneous mixture we get 
. d( "t'sk) weight 
ay = -p. (Ss - St) C cos • (5.20) 
where "t'sk = noIWll stress due to subErged weight of 
solid particles 
Ss = relative density of solid particles 
C = local concentration of solid particles. 
Integrating equation (5.20) to obtain the local value (~sk)weight 
yields : 
(5.21) 
2.4.5 Total noCIII interpartIcle stress 
Noting that ~ = "t' = ~ (Wilson's hydrostatic stress s sy sz 
distribution), and substituting equations (5.19) and (5.21) into 
relation (5.16) the total normal interparticle stress is assuned. to 
be : 
"t' = ICl dp s ax -
(5.22) 
1hus (~sx)failure (equation 5.15) may be evaluated at any point 
wi thin the pipe section usinIC relation (5.22) to evaluate the total 












2.5 Shear stress at pipe wall due to solid mase 
At the pipe wall the solid phase stress relation (5.14) becomes 
where #ld = dynamic coefficient of sliding friction between 
the solid particles and pipe wall. 
(5.23) 
The coefficient of sliding friction is a function of the particle 
properties (particle size and shape distribution), and the roughness 
of the pipe wall. Generally Jld will be less than the tanalent of 
the internal angle of friction 6 , as the friction between layers 
of sliding particles is greater than the friction between sliding 
particles and a smooth surface. 
2.6 Differential equation for velocity distribution in a pipe 
Considering the shear stresses acti". in the mixture in our case of 
steady, tmifono and tmidirectional flow, we get by substituting the 
liquid JiJase stress relations ( (5.10), (5.12) and (5.13) ) and the 
solid JiJase stress equation (5. 14) into expression (5.6) for the 
mixture shear stress: 
+ a (<< p v 2 ) 
ak 
Thus the total mixture shear stress is the SlB of the contributions 
frail viBOOUB shearinlt t turbulent shear stresses and the solid Ji1ase 
shear stress. 
As the mixture is asSUDed. to be hcIDoi&eneous across the pipe section, 
#I is taken to be constant and thus we may rewrite the above 
equation as ; 
= a (#IV) 












Substi tuting equation (5.24) into the mixture IIIOIIIeDtun equation 
(5.7) we get : 
~2 (JIV) ~2 (a P v 2) <l "r 
0 + + syx = 
<ly' <ly' <ly 
a' (JIV) <l2 (a P v') <l "r + + + szx 
oz' oz' oz 
+ Pm Fx -
dp 
ax • 
Simplifying we obtain 
o = va (p v + a P v') dp + V "rskx + Pm g sin • - ax ' (5.25) 
where P, g sin • = gravitational body force m 
gradient 0 0 v = = (ry + rz) 
v 2 Laplacian operator 
~. ~. 
= = (- + -) 
oya oz' 
To solve equation (5.25) we consider the two zones shown in Figure 
5.4 corresponding to the unsheared. granular -.trix and the sheared. 
solid-liquid mixture. 
2.6.1 UOSheared solid particle aotci¥ 
In this zone the local failure shear stress of the granular -.trix 
is arreater than the local total shear stress "rm' '!hus the shear 
stress acting in the granular ... trix is equal to the local total 
shear stress and we have : 
(5.26) 
Substituting equation (5.26) into the velocity distribution equation 
(5.25) we get 












1hus the velocity iI'8dient in the unsheared granular IIBtrix is zero 
as shown iIi Figure 5.4. 
2.6.2 Sheared solld particle "tri% 
In this annular region the local total shear stress in the slurry is 
greater than the failure shear stress of the granular IIBtrix. 
Notina that as 'r is constant with respect to z in this region 
szx 
we get: 
() 'r . 
szx 
~z = 0 
and we can write the velocity distrib..ttion equation (5.25) as 
+ (5.28) 
1his differential equation is solved usina the Finite Element Method 












3. APfLICATIal OF DENSB PHASE PEL ro CYClPNB CLASSIFIRQ TAILINQS 
3.1 Vehicle portign of the slurry 
Materials with wide particle size distributions such as Q1Clone 
classified. tailings contain particles which may be characterised. as 
either "fine" or "coarse". The particles in the fine fraction are 
SUBll enough to mix with the conveying medil.lD (in our case water), 
and thus constitute the vehicle portion of the slurry. The coarse 
fraction is transported. as a heterogeneous suspension, contact load 
or a combination of both. In this case dense }ilase flow is defined. 
to exist when the concentration of the coarse fraction exceeds the 
freely settled. packing concentration of the coarse particles, thus 
the coarse fraction forms a granular matrix filling the pipe section 
wi th particles supported. by interparticle contact. The vehicle 
portion fills the interstices between the matrix of coarse 
particles. 
In order to find the vehicle portion of the slurry a particle 
diameter d
t 
is defined. as the particle size below which all 
particles in the particle size distribution, together with the 
water, form the vehicle. Govier and Quuoles (1961), fran experience 
and laboratory tests, consider a mixture wi·th a particle settling 
velocity of less than 1,5 to 0,6 DD/s to be non-settling, and treat 
such a mixture as psel.do-haoogeneous fluid. Lazarus (1986) has 
characterised. a non-settling mixture as one in which the settlina 
veloci ties of the particles are less than 0, 1 DD/s, and a slow 
settling slurry is considered. to have a particle settling velocity 
of less than 1 am/s. Althouah these classifications are arbitrary, 
they present a useful method for dividina the slurry in fine and 
coarse fractions. For our purposes we define the vehicle portion of 
the slurry to contain that fraction of solid particles which have a 












Considering the fall of a particle of diameter d, we asStllle the 
particle to be falling through a hOlllOlteneous mixture comprising the 
conveying liquid (water) and all other particles of size less than 
d. Stokes' law for laminar settling in a hOlllOaeneous fluid is : 
(5.29) 
where V t se = particle settling velocity 
SmF = relative density of mixture of water and solid 
particles of size less than d. 
~mF = kinematic coefficient of viscosity of the mixture 
of water and solid particles of size less than d. 
Defining a particle settlina shape factor Sf as the ratio of the 
terminal settling velocity of the particle to the tel'lllinal. settling 
veloci ty . of a SJitere with an equivalent vol\De and densi t.y, and 
salvina for d we get : 
d = 
Bvaluatina the above expression with the settlinlr velocity equal to 
1 IfD/s We obtain the transition particle diameter : 
( 5.30) 













3.2 Definition of dense 00ase flow for slurries with wide xarticle 
size distributions 
Referring to Figure 5.7 dense Jil8Se flow is defined to exist when 
(5.31) 
where ee = concentration of coarse fraction 
em = concentration of mixture 
ee . = miniDuD packing concentration of coarse fraction 
IIll.n 
P e = percentage of coarse particles in mixture as 
defined in Figure 5.7. 
PARTICLE SIZE DISTRIBUTION 
100 % r--......,-----------------.. 
Fine Particles 
Coarse Particles 




log( Particle Size ) 













3.3 Fluid shear stress in mixture 
'l11e fluid shear stress at any point consists of cc:aponents of 
viscous and turbulent origin. In the dense Pmse mixtures 
considered in this investigation it is asSllDE!d. that the turbulent 
shear stresses are negligible as the high concentration solid 
particle IIBtrix almost caapletely daIIIpa the turbulence. 'lbus the 
liquid Jilase shear stress equation (5.10) becanes : 
= (-rt)vi~ (5.32) 
'lbe Newtonian viscosity of a pBe\do-hc:.:ceneous ~ion of 
particles is determined by the viscosity of the carrier liquid, 
solids concentration, particle size distribution and particle shape 
distribution. 'lbe correlation of l..aIdel et ,.1 (Govier and Aziz 














~c coeffioient of viscoaity for water 
concentration of aolida in llixture 
lIlLY;". attainable concentration of the solid 
partioles 
experimental coeffioient, Landel et a1 fO\D1d. that 
wi th • = -2,5 theT obtained a .ood correlation to 
their ~ts carried out on water suspen-
sions of particles of various densities in the 
size range of 10 ,... to over 100 ,. (Govier and 












'!he viscosity of the vehicle portion of the slurry DBT be obtained 




where ~ = concentration of fine fraction in mixture 
CFma,x = lIBXiam attainable concentration of the 
fine fraction. 
'!he concentration of fines may be calculated usirc 
PF C. 
cp = 1 - PC' C • 
(5.34) 
(5.35) 
where PF = peroentace of fine particles in mixture as defined 
in ~ 5.7. 
3.4 Sheer stress due to coarse solid md;io1ea 
'!he stress relations developed in sections 2.4 ar:d 2.5 of this 
chapter are applicable, al t.bolqdl the nol'Wll stress relation (5.22) 
must be modified. to 80C0\mt for the presence of the vehicle 
't's = Ie I ~ 
(5.36) 
3.5 DiUerential eQlBtim for velocity di1kibution in a pipe 
As the deiP:ee of turbulence in the mixture is ~ negliaible, 
the shear stress due to turbulence may be IleIIlected (equation 
(5.32) ), and thus we may write the velocity distribution equation 
( 5.28) for the sheared. zone as 















































3.6 BoundarY conditions at pipe wall 
At the pipe wall the granular matrix of coarse particles is treated. 
as a rough boundary moving at velocity v with a fluid shear layer 
of thickness h between the pipe wall and the granular matrix. '!he 
asperities of the coarse particles penetrate through the fluid shear 
layer, thereby transferring the solid Pmse shear stress "t' to we 
the pipe wall via mechanical sliding friction. '!he fluid shear 
stress at the pipe wall is obtained from 
= "t' - "t' 
W we 
(5.38) 
where "t'w = total shear stress at pipe wall = ~ ~ 
"t'we = solid phase shear stress at pipe wall = ~d "t's 
Figure 5.8 shows the solid and liquid phase shear stress 
distributions in the zone near the pi e wall. 'Ihe evaluation of the 
thickness of the fluid shear layer is discussed in detail in 
Section 3.6.4. 
3.6.1 Solid pbase shear stress at pipe rail 
Figure 5.9 shows the possible flow regimes which may occur in dense 
phase flow. 
~~~_S~~_!~~_~_!!!~_~~~ 
The failure stress of the coarse particles matrix is exceeded by the 
applied shear stress along the whole circtlllference of the pipe 
diameter as shown in Figure 5.9(a). The local solid shear stress at 
the pipe wall may be evaluated using equation (5.23), i. e. 
= ~d "t's 
where "t' = s local normal solid stress - equation 5.22 
~d = dynamic coefficient of friction between the 

















• II Unsheared zone Sheared zone 








(b) Unsheared core occupying whole pipe section 
(c) Unsheared core in contact with portion of pipe wall 
y 
w 
(d) Modelled "sliding bed" geometry 













~ea~~_!!!_~~~_ wi~l?ipe _~! 
'!he failure shear stress of the coarse pe.rticle IIBtrix is greater 
than the applied shear stress along a portion of the whole of the 
pipe circtlll:ference. '1llus the flow regime lEY be a sliding "bed" of 
the tmsheared coarse particle mtrix with the sheared zone above 
(Figure 5.9 (c) ), or an unsheared plug occupying the whole pipe 
section (Figure 5.9(b». 
For the portion of the pipe wall in contact with the sheared zone 
the solid }ilase shear stress equation (5.23) may be used to 
determine the lOcal solid shear stress at the pipe wall. 
Wi thin the unsheared zone of the coarse particle the local shear 
stress does not necessarily obey the linear stress distriwtion 
(equation (5.9», consequently we treat the unsheared. zone as a 
rigid body and. consider the average shear stress between the solid 
Jilase and. pipe wall. '1lle unsheared zone is approximated by asSl.Ding 
that the transition between the two zones occurs along a straight 
line ABC from the intersection at the pipe wall and the intersection 
point on the y axis (Figure 5.9 (d» • 'lbe intersection points are 
as follows : 
x = j (D/2) 2 - y. , y. = ~ 
w w w c. 
and. 
x = 0 o 
where A - dp - ax 
B + HI> 
y _ r 
o - B + A 
'2' 
(¥ - B) 
E 
B = P g (8 - 8 u) C cos. tan 6 














To obtain the average solid shear stress acting on the unsheared. 
zone at the pipe wall, the local shear stresses are integrated. over 
the portion of the pipe wall in contact with the unsheared. zone and 
divided by the contact length 
-
rP ~ (a) D da Jo ws 
~ws = PD 
= [ p g (S - S ) c D «p - sin p) s mV c ~ p 
+ IC I: - (S. S.V) p g sin. I ] ~d ' 
where ~ (a) is evaluated fl'Olll the solid Jil,ase shear stress 
ws 
equations (5.22) and (5.23). 
For the limiting case of the unsheared zone fi1lina the whole pipe 
section (Le. p = 11) we get : 
~ws = [p g (SS - S.V) Cc ~ 
+ IC I: - (Sm S.V) P g sin. I ] ~d • 
3.6.2 vehicle shear stcess at pipe loll 
The flow between the I'OUIh boundary (coarse pa.rticle IIBtrix) and the 
pipe wall -.y be treated as panUlel Couette flow. Reichardt has 
shown that for panUlel Couette flow of a Newtonian fluid the flow 
reIII8i.ns l.aainar for Reynolds n\Bbers below 1 500 (Schlichtina (1968) 
p.557-558). The Couette flow Reynolds n~r is defined. as : 
ReCF = V h· 
" 
(5.42) 
where " = ktne.atic coefficient of viSCOBity for the fluid 












As the particles in a suspension would tend to suppress the onset of 
turbulence, the above criteria may be applied as a lower bound value 
of the transition from laminar to turbulent flow. For typical 
values of h and v for the dense phase flow of classified 
tailings the value of ReCF will generally be less than 400, and 
consequently we treat the flow in layer h as laminar. 
The rate of strain in the fluid (~ , Le. velocity gradient) is 
related to the shear stress as follows : 
'r = f (~) (5.43) 
As the shearing stress imposed on the fluid remains constant in 
Couette flow, we can write relation (5.43) as : 
= 
where v = local velocity of granular matrix at distance 
h radially inwards fran pipe wall. 
3.6.3 Boundary velocity of coarse particle matrix 
(5.44) 
Fran the consti tuti ve equation (5.12) for a Newtonian fluid and the 
fluid wall shear stress - velocity gradient relation (5.44), the 
local bourdary velocity of the sheared coarse particle matrix is 
(5.45) 
where = 'r - 'r (equation 5.38) w ws 
= viscosity of vehicle equation 5.34). 
Note the viscosity of the vehicle is used at the pipe wall, while 
the vi scos i ty of the total mixture (equation 5.33) is used over the 
pipe section. If 'rwt is less than or equal to zero the coarse 













Considering the unsheared coarSe particle matrix in contact with the 






vbed = veloci ty of tmSheared "bed" of coarse particles 
- -Twe = Tw - Twa = average fluid shear stress at pipe wall 
-~ = average solid phase shear stress at pipe wall wa 
(equation 5.41). 
Evaluation of boundary flUid shear layer thickness 
As the solids concentration in the mixture increases, the thickness 
of the fluid shear layer at the pipe wall boundary h decreases due 
to a change in the packing configuration of the coarse particles. 
This effect is illustrated in Figure 5.10. 
The thickness of the fluid shear layer h is taken to equal half 
the diameter of a representative particle size of the coarse 
fraction der when the concentration of the coarse particles ep 
equals the freely settled concentration CCmin. The representative 
particle size of the coarse fraction is assumed to equal the d50 
particle size of the coarse fraction. 
The case with the coarse particle concentration equal to CCmin and 
the thickness of the fluid shear layer equal to half the 
representative diameter of the coarse fraction is used as a basis of 
comparison to evaluate the variation of the thickness of the fluid 
shear layer with solids concentration. The volune of the coarse 
particles in the annulus between the pipe wall and layer h is used 












C . Cm1n C > C C Cmin 
Figure 5.10 Variation in thickness of fluid shear layer with 
solids concentration 
In cases where the concentration of the coarse particles exceeds 
Cern' the thiclmess of the fluid shear layer is detennined by 
l.n 
choosing h such that the volume of coarse particles in the annulus 
of sheared fluid equals the reference volume'" f' . sre 
The volume of coarse particles 
determined as follows : 
f s 
in the sheared fluid annulus is 
Assuming that all the particles of the coarse fraction have diameter 
rL and are spherical we get for a unit length of pipe : 
-crep 
Total number of particles 
Total volume of solids 
= "V~o"'h=lDe~o~r-o~ne~'":'par=~t~i"'c~l~e 
_ 3 C 1 (D )2 




Assuning that no particle further than der fran the pipe wall ep 
can touch the pipe wall (after Liu and Schmidt (1985) ) the fraction 
of solids which can be in contact with the wall is 
4 rL (D-1) 
-crep 
thus the number of particles contacting wall 
= 6 C 1 (D - 1) 













The volllD.e of a single spherical particle (touching the pipe wall) 
in fluid shear layer h is: 
'Yparticle 
~Z) - (~-) d~ z 
where ~ is measured. radially inwards from the pipe wall. 
The total volllD.e of coarse particles in the sheared layer is 
r = 6 C 1 (D _ 1) 'II' [h ZdCZp _ ~] 
s c CICrep CICrep 
(5.49) 
(5.50) 
For the reference case (CC = CCmin ' h = ~/2), we obtain the 
volume of solid particles in the fluid shear layer as 
(5.51) 
Thus the thiclmess of the fluid shear layer h may be evaluated by 
matching the volllD.e of coarse particles in the fluid sheared layer 
'Y (equation 5.50) to the reference volllD.e 'Y f (equation 5.51). 
s sre 
3 • 7 Solution PJP'?f!D rre 
The required input values for the model and the solution algorithm 












Pipeline Propertiet : OI_ler 8IId SlOpe. 
Solid. Properlles : ReI,lIn D.nslly. Plrllel. 
Size Distnbulion. Internal Angle 01 Fricllon. 
Coel"clenl 01 Sliding Friction and 
Coellicient 01 Lateral Interp'rlicle Siress. 
Slurry Properties: Mixture RelaUn Density. 
Temperature Ind Friction Pressure Gradient. 
CALCULATE 
3.1. 3.3 
Horilontlf or inclined 
L-==+==~ 3.6.3 
EVALUATE 
Boundary CondHIons 3.6 
NOTE : Number. 10 the bottom right 01 procealing blocks indlcale relevant s.donl ill thII chapter. 
Figure 5.11 Solution algorithm 












4. sowrPi CF DI~ BQUATI~ DESCRIBING THB ymooITY 
DISTRIlWl'I(l'i BY '11JB FINI'l'B RI Ji'MRNT MB'lmD 
4.1 Problem definition 
'!be velooi ty distrihlti?D equation (5.37) may be expressed. as : 
where .. 
., (y) 
= ~ v m 
d 't' 
= syx + P. g sin • 3y m 
dp ax . 
(5.52) 
Equation (5.52) has the S8IE form as the steady state heat 
conduction Problem which has been described by Owen 8Ild Hinton 
(1979) 8Ild Owen 8Ild Hinton (1980). 'lbe method described herein is 
based on the solution procedure outlined by the above authors. '!be 
differential equation is solved to obtain local values of .. (8Ild 
thus v). 
4.2 lWnd&Y conditiCllS 
'!be finite element aetbod is used to solve the velooity distrihltion 
in the reaion of the pipe section bounded by the fluid shear layer 
at the pipe wall, Le. over the area _ (D-2h)a/4. '!be followiIC 
bourdary conditions are applied to the differential equation 
describing the velooi ty distrihltion (5.52) : 
(i) ~ve!~!~ 
.'ftle local bourdary velooities are evaluated using 
equation (5.45) 8Ild (5.46) as discussed in Section 3.6. 3. 
( ii ) Unshea.red zone 
In the zone of the pipe section where the failure shear 
stress of the granular latrix is neater than the applied 













'!bus in this zone the velocity iI'adient will be zero as shown 
in Figure 5.4. 
(iii) Sheared zone 
'!broughout the sheared zone of the pipe section the applied. 
shear stress exceeds the failure stress of the granular 
matrix. Considering a vertical pipe (-r f '1 constant across s al 
the whole pipe section) we get for the sheared zone : 
(5.54) 
Substituting equation (5.54) into the differential equation 
(5.52) we get: 
dp , ax - p. g sIn • (5.55) 
Equation (5.55) iIllplies that all the applied. loadina (due to 
the pressure gradient required to overcome friction and 
weight) is used. to generate the velocity distribrtion, Le. 
the viscous shearing stress of the lIlixture must equal the 
applied. shear stress. F~ 5.12 shows a cross-section of 
dense ]ilase flow with sheared and unsheared zones. We 1mow 
that the solid shear stress at the periJilery of the unsheared 
core and at the boundary of the fluid shear layer equal the 
failure shear stress of the granular matrix -r f '1. It is . s al 
clear that the integrated. solid shear stress alana the outer 
boundary of the sheared annulus is Jreater than the 
integrated. solid shear stress alana the inner boundary of the 
sheared annulus. '!bus saoe of the applied. load.i.na is used to 
generate this "extra" solid shear, and clearly 
equation (5.55) is not applicable in our case. 
To evaluate the velocity distribution in the sheared. zone we 
need to establish the pressure gradient acting on the mixture 
producing the velocity distribution, Le. the difference 












gradient used. to shear the .rranular IIBtrix and overcaae the 
friction at the pipe wall. 1his is done by determining an 
average fluid shear pressure gradient (~) t by applying a 
force bal~ to the sheared zone. We consider the following 
cases : 
( i) the unsheared cone foI'IIB a sYJEetric or syaaetric core 
sUI'l"OUl'ded. by the sheared annulus. 





(T }f '1 s a1 












4.2.1 Annular sheared zone 
'ibis case is illustrated in Figure 5.13(a). 1be liquid shear stress 
at the outer periJilery of the core equals zero. 1be liquid shear 
stress at the outer ~ of the sheared. zone is fOtDi frail : 
~t = ~m - ~sfail (5.56) 
'!he intersection points of the ~ of the unsheared core with 
Y axis are : 
B + lID 
o , r x = Yot = B + A 
2" 
(5.57) 
B + lID 
o , = r x = Yob B+A 
2" 
(5.58) 
where A = dp ax 
B = Ie I~ - (8 - 8 iV) p g sin. I tan & II • 
B = P • (8. - 8.V) C c cos • tan & . 
'lbe area of the t.mSheared core is approximated by the area of a 
circle with di.alaeter equal to Y ot - Y ob. Applying the force 
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Unsheared zone 
(b) Unsheared zone in contact with pipe wall 













2 J ~ 'f:t (h) da 




where ~ = 7-h . 
'lb.e integral is nuaerica1ly solved by evaluat~ the looal values of 
the liquid shear stress at the outer boundary of the sheared. zone. 
4.2.2 Unsheared core in contact with pipe lall 
Figure 5.13(b) shows the case with the unsheared. zone in contact 
wi th pipe wall. 'l1le boundary of the unsheared zone is taken as a 
straight line between the intersection points on the y axis and 
pipe wall as discussed in Section 3.6. 1. 'lb.e liquid shear stress 
along this straight line is zero. 'lb.e liquid shear stress acting 
along r = D/2 - h on the sheared. zone is evaluated using 
equation (5.56). 'l1le intersection point with the y axis is fotmd 
from equation ( 5 • 57), and the wall intersection frail 
x = J(D/2)· - y. , y. = e w w w c. (~- B) E 
'1he force bala ce on the sheared. zone yields 
(~)t = 
1'l' 















4.3 Galerkin weishted residual method 
'Ihe Galerkin method seeks to minimise the error, e in satisfying 
equation (5.52) by an approximate solution. In this case it is 
required that 
JeWdA = 0 
A 
where e = + 'f 
A = pipe cross-sectional area 
W = weight~ function. 




'lbe Green-Gauss theoraa relates the inteJn'als of quanti ties over a 
I'elrion A and over its bourdary S as follows : 
J [ac aD + e aDa ] dA = J e aD n cIS clx rx ~ a rx X A vX . S (5.65) 












Applying (5.65) to (5.64) we get 
(5.66) 
According to the finite element method the unknown f~tion 6. is 
approximated. throughout the danain, A as 
n 
.. = X N. a. 




= total m.aher of nodes in the finite ele.mt 
mesh 




nodal values of 6. . 
In the Galerkin process the ruaber of wei.Ptina functions must equal 
the total nlilber of unknown nodal values. '!be weigbtina function 
wi corresponding to node i is chosen to equal. the shape f~tion 
N. • At all nodes where the value of 6. is prescribed (i. e. 
1. 
boundary condition i.,..-sed) there is no unknown associated with the 
point and consequently the weigbtina function is zero at the point. 
'!bus the first int.earal in equation (5.66) is zero as 6. is 
specified along S by boundary corm. tion (i) of Section 4.2. 







aN. aN. aN. aN. ] 












Expression (5.68) represents a system of i = 1, n equations in 
which the equations correspording to nodal. points at which ~ is 





<IN. <IN. <IN. <IN. 
1 J 1 J 
ay ry- + az az .) dA] aj = J ~ Ni dA , (5.69) 
A 
or in matrix form as 
...... 1 
K a = , 
where 
... 
"stiffness matrix" K .. = 1J 
(5.70) 
= J 
aN. aN. aN. aN. 
1 J + 1 J dA ( ay ry- rz- rz- ) 
A 
and 1 = "force vector" = J~ Ni dA (5.71) 
A 
4.4 Element stiffness matrix and force vector 
'!be type of element chosen for the finite element analysis is the 
linear triangular element shown in Fiam-e 5.14. '!be element has 
three nodes, each of which has one degree of freedaa correspondiona 
to the unlmown value of f. at that node. As a linear variation of 
f. is as&l.IDed. throughout the element the value of .. at any point 
wi thin the element can be expressed. as 
where a 1 ,a2 and a 3 are ~tants which are obtained by 
substituting the nodal values of .. into (5.72) in turn : 
Solvina (5.73) for a. and substi tutina in (5.72) results in 
1 
= 
1 (e) Z (b. + c. y + d. z) a i i=l 2A (e) 1.1 1 
















(e) (e) (e) (e) 
= Y2 z3 - Y3 z2 ~ 
c. 
(e) _ z(e) = z2 ~ 3 
d. 
. (e) (e) 
~ = Y3 - Y2 
with the other values beina given by cyclic perartation of the 
































where Ni = element shape functions 
1 = 2 A(e) (b. + c. y + d. z) 111 
(5.75) 
(5.76) 
Expressions (67) ard (68) can be used to evaluate the element 
stiffness DBtrix ard force vector by assuni.ng that the global shape 
functions N. and the element shape functions N~e) are identical. 
1 1 
'Ibe evaluation of the element stiffness DBtrix ard load vector is 
made simpler by the use of area coordinates, which are described in 
Appendix c. 
'Ibe element stiffness DBtrix is obtained by substituting (5.76) into 




i,j = 1, 2, 3 • 
IntecratiIC we get: 
[ c. c + d. d ] dA 
1 Y 1 Y 
K~~) = 1 (c. c. + d. d.) 
1J 4 A(e) 1 J 1 J 























Noting that L. = N ~ e) from Appendix C, and assuning 6. to be 
1. 1. 







tc<e) ~ J(e) LO L1 LO dA= 
., A(e) 
1 (5.80) = 3 1 2 3 
A 
LO LO ~1 1 1 2 3 
using integration fonnula (C. 4) from Appendix C. 
4.5 Fini te element mesh 
Figure 5.15 illustrates the two finite element mesh geometries used 
in the analysis. The mesh shown in Figure 5. 15 (a) is used where 
synmetry about the y axis may be assumed, i.e. the velocity 
distribution is asynmetric about the z axis. The mesh shown in 
Figure 5. 15 (b) is used when radial synmetry may be assumed (in our 
case vertical up or down flow). 
4.6 Computational algorithm 
The ~ter program, written using the True Basic prognmming 
language, is presented in Appendix E. The finite element method 
subroutines are based on the F<RI'RAN code presented by Owen and 
Hinton (1979) and (1980). 
The sequence of the main subroutines in the finite element method 
are shown in Figure 5.16. The following is a description of each 












_z (Jt . 
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'lbe nodal coordinates, nodal connecti vi ty and n\.IDber of botD:tary 
nodes are read from the data file containing the finite element 
mesh. 
Subroutine MBSHPLOl' 
'Ibis is an optional routine used to verify visually that the mesh 
input data is correct. 'lbe elements from the finite element mesh 
are plotted at their nodal coordinates. 
Subroutine BOONDARY-VALUES 
'lbe velocity of each boundary node is evaluated as discussed in 
Section 3.6. 













'ftle stiffness matrix and force vector for each element is calculated 
using expressions (5.78) and (5.80). 
Subroutine GLOBAL -----------------
'ftle local stiffness matrices and force vectors are assembled to form 
the global stiffness ma.trix and force vector. To optimise the 
solution procedure the syumetric and banded nature of the stiffness 
ma.trix is utilised, and the stiffness matrix .elements stored in a 
one-dimensional array. 
Subroutine GAUSS 
'ftle routine performs Gauss reduction on the global force vector and 
the one-d.i.mensional stiffness matrix. 
Subroutine BACXSUBS 
'ftle nodal values of ~ are evaluated fraa the reduced stiffness 
matrix and force vector using a back substitution procedure. 
Subroutine VBLCALC -------------
'ftle local velocity values at each node are evaluated frail the nodal 
values of ~ using equation (5.52). 
Subroutine INTIIlRATB 
'ftle velocity at the centroid of each element is evaluated using 
linear interpolation, and the mixture flow rate calculated as 
follows : 
n 
Q = 2 v(e) A(e) (5.81) 
e=l 












5. CHAPl'BR SUft\RY 
5.1 Mechanistic model 
A mechanistic model for the dense Jilase flow of classified tailings 
bas been developed. The primary features of the model are : 
(i) The particle size distribution of the solid particles in the 
mixture is divided. into two fractions which are characterised 
as "fine" and "coarse". The division of the particle size 
distribution is based on a mininn.n settling velocity 
calculated using Stoke's law for laminar settling. 
( ii) The model has specifically been developed for dense phase 
mixtures which are defined to exist when the concentration of 
the coarse fraction exceeds the freely settled. (loose poured) 
concentration of the coarse fraction and the predominant 
'" mechanism supporting the particles is interparticle contact. 
(iii) A differential equation describing the velocity distribution 
wi thin the pipe has been formulated fran the Cauchy maaent\8 
equations applied to the solid liquid mixture. 
(iv) The shear stress distribution due to the applied pressure 
gradient is shown to be linear provided. the concentration 
distribution may be t8ken as constant across the pipe 
section. 
(v) The concept of lateral interparticle stress, arising fran the 
stress on particles due to fluid dynamic drag exerted on the 












(vi) '!he solid Jimse shear stress wi thin the pipe section is 
evaluated using the internal angle of friction between the 
solid particles. At the pipe wall the coefficient of sliding 
friction is used to calculate the wall shear stress due to 
the solid phase. 
(vii) '!he concept of sheared and unsheared zones wi thin the pipe 
section based. on the applied shear stress distribution and 
the failure shear stress of the iI'8Ilular IIBtrix is 
introduced. In the unsheared zone the fluid shear is zero 
and consequently there is no velocity gradient. It is shown 
that three possible flow regimes are possible: 
a) unsheared zone occupying the whole pipe section - plug 
flow. 
b) unsheared core surrounded by annular 1'eIion of sheared 
granular IIBtrix. 
c) unsheared zone in contact with a portion of the pipe 
wall forming a "sliding bed" of unshea.red particles. 
(viii) 'Ibe viscosity of the mixture and the vehicle are evaluated 
using the correlation ascribed to Landel ~t ~l. 
(ix) '!he differential equation describing the velocity 
distribution is solved using the finite element method with 
bolmdary corditions specific to the problE!lll imposed. 
(x) '!he bourdary velocity of the mixture is evaluated by 
considering the local applied stress and solid phase shear 












5.2 Input required for model 
The input required for the model to solve the mean mixture velocity 
(slurry flow rate) for a given friction pressure gradient is as 
follows : 
(i) Pipeline properties 
(ii ) Solids properties 
( iii) Slurry properties 
Internal pipe diameter 
Pipeline slope 
Solids relative density 
Particle size distribution 
Internal angle of friction 
Coefficient of sliding friction 
Coefficient of lateral interparticle 
stress 
Mixture relative density 
Slurry temperature 
Friction pressure gradient. 
Note that the roughness of the pipe is not required as only viscous 
(laminar) shearing stresses are considered. The pipe roughness is 
however indirectly included in the dynamic coefficient of sliding 























EVAIlJATI<»f OF DENSI HIASB to:>EL 
1. INTRODUCTION 
This chapter evaluates the dense }ilase mechanistic model developed in 
Chapter 5. The experimentally determined solid particle properties 
described and presented in Chapters 2 and 3 are used as input for the 
model. The experimentally measured pressure gradients discussed in 
Chapter 2 and presented in the Cyclone Classified Tailings data base 
(Appendix A) are used to compare predicted pressure gradients calculated 
using the model with actual pressure gradients. 
The computational results of the model are evaluated as follows 
( i ) Dense phase flow regimes 
Computational results are presented showing velocity profiles and 
isovels (lines of equal velocity) for various dense }ilase flow 
regimes - stationary bed, "sliding" bed, asynmetric core and 
synmetric core. 
(ii) Velocity profiles 
The influence of mean mixture velocity, concentration and pipe 
diameter on the computed velocity profiles is examined. 
( iii) Transi tion velocity between stationary bed and "slidinc" bed 
flow regimes 
The calculated transition mean mixture velocl ty between the 
stationary bed and "sliding" bed flow regimes are compared to 
observed flow regimes in 40 DIn NB and 80 DIn NB pipelines. 
( i v) Pressure gradients 
Graphs showing the variation of the predicted and experimentally 
measured pressure gradients with mean mixture velocity and sol ids 













(v) I.pg standard error analysis 
The model is numerically evaluated by comparing the log standard 
error between the predicted pressure gradients and the 












2. INPU1' PARAMETERS ROOl]IRED BY r-DDEL 
2.1 Pipeline properties 
The internal pipe diameter (D) and the slope of the pipeline (.) are 
required by the model. The roughness of the pipeline is not required as 
only viscous (laminar) fluid shearing stresses are considered. The pipe 
roughness is however indirectly included in the dynamic coefficient of 
sliding friction between the particles and pipe wall. 
2.2 Solid particle properties 
2.2.1 Solid particle relative densitv 
The relative density of the solid particles (S ) is evaluated as s , 
discussed in Section 3. 1 of Chapter 2. Table 6. 1 shows the values used 
for the evaluation of the model. 
2.2.2 Particle size distribution 
The measurement of the particle size distribution of the solid particles 
is described in Section 3.2 of Chapter 2. The particle size 
distribution is treated as a continuous curve with linear interpolation 
used to find values between sieve sizes. Referring to Figure 6.1 the 
percentage of solid particles P less than size d is: 
P = Pi + m [log ( d) - log ( d i ) ] (6.1 ) 
where m = 
p, = percentage of particles less than size d, 
1 1 
Similar ly, the particle size d corresponding to a percentage of solids 
passing P is fatmd from : 
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Particle Size (micrometres) 
Figure 6.1 
2.2.3 Partlcle shape factor 
'Ihe particle shape factor (Sf) is measured as discussed in Section 3.3 
of Chapter 2. As the particle shape factor is used to determine the 
vehicle portion of the mixture, the shape factors measured for the 
smallest particle size r&nae (211 J.ID to 300 J.ID) are used as input for 
the model. Table 6. 1 shows the values used for the evaluation of the 
model. 
2.2.4 Freelv settled partlcle concentratloD 
The freely settled concentratiOll (C . ) of the solid particles is 
JDJ.n 
measured as discussed in Section 3.5 of Chapter 2. Table 6. 1 shows the 
values used for the evaluation of the model. 
2.2.5 Internal angle of friction of solid particles 
'Ihe subnerged internal angle of friction of the solid particles (6) is 
measured as described in Section 3.6 of Chapter 2. The variation of 












Figures 3.27, 3.28 and 3.29 for the Blyvooruitsig, East Driefontein and 
Vaal Reefs materials respectively. The internal angle of friction is 








The values of m~ and c~ are determined from the experimental curves, 
(Figures 3,27, 3.28 and 3.29) and Table 6. 1 presents the values used for 
the four materials. 
It was felt that the high percentage of fines in the Western Deeps 
material (possibly forming a mixture with a yield stress) contributed to 
the high observed angle of internal friction compa.red with the other 
materials (Figure 2.16). Consequently, as the Vaal Reefs material is 
closest to the Western Deeps material in terms of particle size 
distribution, the Vaal Reefs experimental values were used for the 
Western Deeps model evaluation as shown in Table 6.1. 
Brandt and Johnson (1963) have noted that the fluid flowing through the 
particle matrix alters the internal friction of the particles. However, 
in the absence of any other measurements, the static test without 
interstitial flow is considered adequate to establish the magnitude of 
the internal frictional forces. 
2.2.6 Coefflclent of slldlng frlctlon 
The coefficient of sliding friction (~d) between the solid particles and 
pipe wall is evaluated using the apparatus described in Sections 3 and 4 
of Chapter 3. As the friction mechanism between layers of sliding 
particles and. particles against a solid bot.mdary are considered similar, 
the variation of the dynamic coefficient of friction with solids 
concentration is assumed to have the same slope as the variation of 
tan (~) with solids concentration as shown in Figures 3.27, 3.28 and 











TABLE 6.1 Solid Particle Properties used in Model Evaluation 
Ss 
Sf 
Material . Blyvooruitsig . 
Ss 2.66 
Sf 0.88 









(equ. 6.3) 0.76 
(equ. 6.3) 0.14 
(equ. 6.4) 0.76 
(equ. 6.4) 0.01 
(equ. 6.5) 0.004 
(equ. 6.5) 3.69 
= Relative density of solid 
= Particle shape factor 
Cmin = Freely settled particle 
concentration 
East Driefontein Vaal Reefs western Deeps 
2.65 2.65 2.65 
0.80 0.79 0.71 
45.6 46.0 49.0 
0.80 0.54 0.54 
0.14 0.25 0.25 
0.80 0.54 0.54 
-0.08 0.15 0.15 
0.004 0.004 0.002 














respectively. 'll1e coefficient of sliding friction is evaluated as 
follows : 
J.ld = m C + c J.l J.I 
where m = m6 (equation 6.3) J.I 
(6.4) 
c = experimental constant (from Figures 3.27, 3.28 and 3.29). J.I 
'll1e values of m and c used for the model evaluation are shown in 
J.I J.I 
Table 6. 1. As with the angle of internal friction the values for the 
Western Deeps material have been assuned to equal those for the Vaal 
Reefs material. 
2.2.7 Coefficient of lateral interparticle stress 
'll1e coefficient of lateral interparticle stress « was evaluated by 
comparing the output of the model to the experimental pressure gradient 
test results. Figure 6.2 shows the variation of « with solids 
concentration used for the evaluation of the model for the four 
materials tested. 'nle value of the coefficient of lateral interparticle 
. stress used for the model evaluation is calculated from : 
( C 
b 
« :: a - 0,35) « C ~ 0,35 « c. - 0,35 nun 
(6.5) 
« = ° C < 0,;35 
where a , b 
Ie Ie 
= experimental coefficients 
Cmin = freely settled concentration. 
Table 6.1 shows the values of a and b used for the model « « 
evaluation. From equation (6.5) it is seen that Ie is considered 












Coefficient of Lateral Stress 
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2.3 Slurry properties 
1.60 1.70 1.80 1.90 
Slurry Relative Density 
Figure 6.2 
2.3.1 Solids concentration 
The solids concentration is required as input for the model. The values 
of the i~ternal angle of friction, coefficient of sliding friction and 
coefficient of lateral interparticle stress, depend on the solids 
concentration as well as other constants. 
2.3.2 Slurry teBperature 
The slurry temperature is used to dete1'llline the density and viscoSity of 
clear water, which is used as a basis for evaluating the vehicle density 
and viscosity. The water density is calculated using (Sive 1988) 
1004,166 e-O,OOO2958T (6.6) 












'!be dynamic coefficient of viscosity for the water is calculated from 
(Sive 1988) : 
1,732 e-0 ,028T 
J.lw = 1000 
H = 2,516 - 0,505 tn (T) 
rw 1000 (6.7) 
15,971 T-0 ,863 
J.iw = 1000 
2.3.3 Viscositv of mixture and vehicle 
The viscosity of the mixture and vehicle is calculated using the Landel 
et lJl correlation (equations (5.33) and (5.34) respectively). '!be 
correlation requires an experimental coefficient m. Landel et lJl 
found a good correlation with m = -2,5 for particles in the size range 
10 J.ID to 100 J.ID (Govier and Aziz (1972» and. this value has been used 
for calculating the viscosity of the vehicle. For calculating the 
mixture viscosity a value of m = -4,0 was used, as this provided 
better fit to the experimental data for the computational results. 
'!be maximum attainable concentration of the solid particles Cmax was 
taken to be 70% by volune. 
2.3.4 Friction pressure gradient 
'!be frictio  pressure gradient is required as input by the model, which 












3. CALCULATED PARAMETERS USED BY M:>DEL 
3. 1 Vehicle portion of the slurry 
'!be vehicle portion of the slurry is defined to canprise the conveying 
liquid (water) and that fraction of solid particles which have a 
settling velocity of less than 1 DID/S (Section 3.1, Chapter 5). '!be 
maximum particle size in the vehicle portion (i. e. that particle size 
having a settling velocity of 1 mm/s) is termed d
t 
- the transition 
particle diameter between the fine and cOarse fractions of the particle 
size distribution. '!be transition particle diameter is determined by 
solving equation (5.30) using an i terati ve solution procedure. Note 
that the evaluation of dt is dependent on the particle size 
distribution as the particles are considered to be falling through a 
homogeneous mixture comprising the conveying liquid and all other 
particles of size less than dt • 
Figure 6. 3 shows the variation of the transition particle diameter dt 
with solids concentration for the four cyclone classified tailings 
materials. '!be transition particle diameter is seen to increase with 
increasing solids concentration. '!he rapid increase of dt for the 
Western Deeps material is due to the high percentage of fines in the 
mixture. 
Figure 6.4 depicts the variation of the vehicle solids concentration 
with the total solids concentration for the four IIBterials. '!he vehicle 
concentration of the Western Deeps slurry is seen to increase very 
steeply and is almost equal to the solids concentration at C = 55% by 
volllDe - i. e. virtually the whole mixture is the vehicle portion of the 
slurry with a very small coarse fraction. It is clear that the Western 
Deeps material does not form a true dense. Jitase mixture with 
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3.2 Boundary fluid shear layer thickness 
Figure 6.5 shows the variation of the thickness of the fluid shear layer 
(h) with solids concentration for the four materials tested. The 
evaluation of the fluid shear layer thickness is discussed in Section 
3.6.4 of Chapter 5. Apart from the Western Deeps mixture, the other 
materials show the expected decrease in h with increased solids 
concentration. The increase in the fluid shear layer thickness for the 
Western Deeps material is due to virtually the whole mixture forming the 
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4. cx:ttrorATIONAL RESULTS 
The computational results are illustrated by presenting the trends for 
the Vaal Reefs slurry which are typical for all the cyclone classified 
tailings (Sections 4. 1 to 4. 4) • The model is numerically evaluated by 
analysing the log standard error for each set of test results of the 
data base (Section 4.5). 
4.1 Dense phase flow regimes 
There are five possible dense phase flow regimes, all of which are 
examined here except for the plug flow regime. The plug flow regime 
which generally occurs at high solids concentration in vertical pipes 
(although it may also occur in horizontal pipes) has a lmiform velocity 
distribution across the whole pipe section with all the shear taking 
place at the pipe wall. 
4.1.1 Stationary bed flow regime 
Figure 6.6 shows the velocity profile along the y axis (z = 0) and the 
shear stress distribution for a typical flow case with a stationary bed. 
The applied shear stress "t' is greater than the solid particle matrix m 
failure stress "t' f 'lover all but the top portion of the pipe 
s al. 
section. Note that we would eXpect the velocity gradient to be zero 
over the reaion of the pipe section where "t' f 'I exceeds "t' fI'Olll the 
s al. m 
discussion in Section 2.6.1 of Chapter 5. However, the finite element 
method provides an approximate solution (to the differential equation 
describina the velocity distribution) which results in a velocity 
gradient over this region. 
F~ 6.7 shows the isovels (lines of equal mixture velocity) over the 
pipe section for the stationary bed flow regime. The isovels are 
obtained by linear interpolation between the nodal solution values 
(veloci ties) of the finite element mesh. 
4.1.2 "Sl iding" bed flow regime 
The velocity profile and shear stress distribution for a typical 
"sliding" bed flow reaime are shown in Figure 6.8. In this case, 
although the solid particle matrix failure shear stress exceeds the 
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Figure 6.6 Stationary bed flow regime: Velocity profile and 
shear stress distribution 
Mixture Isovels Vaal Reefs 40 mm NB Horizontal 
Curve. Indicate local mIxture velocltle. In mi. 
Figure 6.7 Stationary bed flow regime: Isove1s 
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Figure 6.8 "Sliding" bed flow regime: Velocity profile and 
shear stress distribution 
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Figure 6.12 Symmetric core flow regime: Velocity profile and 
shear stress distribution 
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4.2.2 InflUence of solids concentration on the yelocitv profile 
Figure 6.16 shows the "sliding" bed flow regime profiles in a horizontal 
pipe at a mean mixture velocity of 2,0 m/s for solids concentrations of 
45,5%, 48,5% and 51,5% by volume respectively. The asymaetry of the 
veloci ty profile is reduced. as the solids concentration is increased, 
due to the increase of the internal friction within the mixture. 
Comparing the velocity profiles at solids concentrations of 48,5% and 
51,5%, it is seen that the profiles are similar in the bottom half of 
the pipe while the local velocities for the 48,5% are greater in the top 
portion of the pipe. From these velocity profiles it seems tmlikely 
that they are both for mean mixture velocities of 2 m/s. However, if 
the isovels for the 48,5% and 51,5% mixtures are plotted as shown in 
Figures 6. 18 and 6. 19 respectively, it is seen that the zone between 
1,75 m/s and 2,00 m/s for the 51,5% mixture occupies a much larger 
portion of the pipe cross section than for the 48,5% mixture. 
4.2.3 InflUence of pipe diameter on tbe velocity profile 
Figure 6. 17 shows the "sliding" bed flow regime profiles in a horizontal 
pipe at a mean mixture velocity of 2,0 m/s for internal pipe diameters 
of 26,6 DIll, 40,0 DIll and 73,4 DIll. The asynmetry of the velocity profiles 
increase with increasing pipe diameter. 
4.3 Transi tion velocity between stationary bed and "sliding" bed flow 
regimes 
Figures 6.20 and 6.21 show the variation of the calculated transition 
mean mixture velocity of the stationary bed and "sliding" bed flow 
regimes canpared. with the flow observations in the 40 DIll NB and 80 DID NB 
pipelines respectively. The model under predicts the transition 
veloci ty at low concentrations, while predicting stationary bed at high 
concentrations where syumetric flow was observed. 
Figure 6.22 shows the variation of the calculated transition velocity 
between the stationary bed and sliding bed flow regimes for solids 
concentrations of 42,4%, 48,5% and 54,5% by volume. The model predicts 
an increasing transition velocity with increasing pipe diameter, and 
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4.4 Pressure gradients 
4.4.1 Influence of mean mixture velocity on pressure gradient 
Table 6.2 shows the key to the figures comparing the calculated and 
measured pressure gradient versus mean mixture velocity curyes for the 
Vaal Reefs slurry in 25 nm, 40 nm and 80 nm NB pipelines. 
Table 6.2 Key to pressure gradient versus mean mixture velocity 
figures 
Pipeline 25 nm NB 40 DID NB 80 BID NB 
Horizontal 6.23 6.26 6.28 
Vertical Down 6.24 6.27 6.29 
Vertical Up 6.25 - -
The predicted pressure gradients for the horizontal pipeline are greater 
than the measured values for solids concentrations less than 48% by 
volume (note that the dense phase model is only applicable for C > 46% 
for the Vaal Reefs slurry). The horizontal pressure gradient curves are 
linear and generally have a slope similar to the measured pressure 
gradient curves. 
The vertical down calculated pressure gradients have similar slopes to 
the measured pressure gradients although they are slightly greater than 
the measured curves. For solids concentrations greater than 51% by 
volume the predicted curves are greater than the measured curves. 
The calculated vertical up pressure gradients have similar slopes to the 
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4.4.2 Influence of solids concentration on pressure gradient 
Table 6.3 shows the key to the figures comparing the variation of the 
calculated and measured pressure gradients with solids concentration for 
the Vaal Reefs slurry in 25 1IDl, 40 IIDl and 80 IIDl NB pipelines. 
Table 6.3: Key to pressure gradient versus solids concentration 
figures 
Pipeline 25 IIDl NB 40 DID NB 80 DIn NB 
Horizontal 6.30 6.32 6.34 
Vertical Down 6.31 6.33 6.35 
The variation of the Calculated horizontal pressure gradients versus 
solids concentration curves are similar to the measured curves, although 
for solids concentrations below 48% by vol1.llle the predicted curves are 
higher than the measured curves. The model appears to over predict the 
pressure gradient for the 80 DIn NB pipeline (Le. the friction due to 
the slidi~ bed may be overestimated). 
The variation of the predicted vertical down friction pressure gradient 
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4.5 Log standard error analysis 
Lazarus and. Nielson (1978) considered the log standard error to be the 
most meaningful teclmique for numerically canparing the accuracy of 
pressure gradient correlations with experimental data. The log standard 




[ log ( observed.) - log (calculated.) ] 
8 i=l (6.8) = (n-I) 
where 8 = log standard error 
n = number of data points. 
8i ve (1988) suggests that care should be taken as the log standard error 
gives an indication of the averaae error valu s and. not the maximum . 
expected. error. The log standard error is related. to the average error 
e as follows : 
average percentage e~r above, + e = 100 (108 - 1) 
(6.9) 
average percentage error below, - e = 100 (1 - 10-8 ) 
Figure 6.36 shows the variation of the average errors with the log 
standard error. Table 6.4 shows the averaae error values corresponding 
to log standard error values of 0,02 and. 0,04. A log standard error of 
0,02 indicates an average error of less than 5%, while a log standard 












Table 6.4 Log standard error and average errors 
Log standard error Percentage error 
Above Below 
0,02 4,71 4,50 
0,04 9,65 8,80 
Figures 6.37 to 6.40 show the variation of the log standard error 
between the measured pressure gradients and the pressure gradients 
calculated using the model with solids concentration for the four 
cyclone classified tailings - Blyvooruitsig, East Driefontein, Vaal 
Reefs and Western Deeps. '!he log standard error is generally less than 
0,04 (average error less than 10%) for all the test results above the 
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5. CHAPI'ER stnfARY AND OONCWSIONS 
'Ihe dense phase flow mechanistic model has been evaluated using the 
experimentally determined solid particle properties discussed in 
Chapters 2 and 3 as input for the model. 'Ibe compa.ri ti ve results may be 
summarised as follows : 
(i) 'Ihe calculated velocity profiles and mixture isovels of the 
various dense phase flow regimes have been examined. The 
asymmetry of the velocity profile in a horizontal pipe becomes 
more pronounced with increasing mean mixture velocity and pipe 
diameter, and decreasing solids concentration. 
( ii ) 'Ibe calculated transi tioh velocity between the stationary bed and 
"sliding" bed flow regimes tmder predicts the transition at low 
solids concentrations (less than the freely settled particle 
concentration). For high concentration mixtures the model 
appears to over predict the transition velocity. 'Ihe model 
predicts an increasing transition velocity with increasing pipe 
diameter, and that the rate of increase is greater for lower 
concentration mixtures. 
(iii) 'Ihe calculated horizontal· pressure gradient versus mean mixture 
. veloci ty are linear and have a similar slope to the measured 
curves. 'Ihe variation of the calculated horizontal pressure 
gradient with solids concentration is similar to the measured 
curves, although the model over predicts the pressure gradient 
for solids concentrations less than 48% by volume. 
(iv) '1lle vertical down calculated pressure gradients have similar 
slopes to the measured curves. The variation of the predicted 
vertical down pressure gradient with solids concentration shows 
good agreement with the measured curves. 
(v) The log standard error between the calculated pressure gradients 
and the measured pressure gradients are generally less than 0,04 
(average error less than 10%) for all the tests above the freely 














This thesis is an analytical and experimental investigation of the hydraulic 
transport of high concentration cyclone classified tailings by pipeline with 
particular reference to backfilling in gold mines. 
Two pipeline test facilities (comprising 25 IUD, 40 IUD and 80 IUD NB pipelines) 
have been constructed to experimentally investigate the hydraulic transport 
characteristics of high concentration slurries. A data base (Appendix A) of 
pipeline test results has been established from tests conducted using cyclone 
classified tailings materials from four gold mines (Blyvooruitsig, East 
Driefontein, Vaal Reefs and Western Deeps). 
As mechanical. sliding friction makes an important contribution to the pressure 
gradient of pipelines transporting high concentration slurries, a rotating disc 
apparatus has been built to investigate the dynamic coefficient of sliding 
friction for fine grained particles. 
A mechanistically based model has been developed to analyse the flow of high 
concentration settling mixtures. The model is based on the governing 
differential equation describing the velocity distribution in a pipeline 
conveying a solids liquid mixture. The differential equation is derived by 
applying the Cauchy momenttID equations to the solid and liquid phases of the 
flow. Boundary conditions particular to high concentration slurries are applied 
to the differential equation which is solved using the finite element method. 
1. EXPERIMENTAL OBSERVATI~S 
1. 1 The mean mixture velocity versus pressure gradient curves becaDes linear 
at high concentrations indicating that tm-bulence may be negliaible due 
to dampening by the solid particle matrix. Thus at high solids 
concentration the pipe wall shear stress consists primarily of viscous 
fluid shear stresses and mechanical slidina friction between the solid 












1 .2 The pressure gradient increases sharply with solids concentration for 
solids concentrations greater than 45% by voh.me (corresponding closely 
to the freely settled particle concentration) for 1x>th horizontal and 
vertical flow. 
1.3 No stationary bed was observed for the Western Deeps slurry, which has a 
higher percentage of fine particles than the other materials, and 
appears to form a serni-stabilised mixture. The other materials 
(Blyvooruitsig, East Driefontein and Vaal Reefs) form settling mixtures. 
1.4. The transition solids concentration between observed heterogeneous flow 
and observed homogeneous flow increases with increasing pipe diameter. 
The ratio of the transition solids concentration to the freely settled 
particle concentration is similar for the three settling slurries 
(Blyvooruitsig, East Driefontein and Vaal Reefs). 
1.5 The pressure gradient versus solid concentration curves for all the 
backfill materials have a similar shape. 'nle pressure gradient data 
points for the three settling slurries lie on a single line when plotted 
against the ratio of solids concentration to the freely settled 
concentration of the solid particles. 
1 .6 The ratio of the solids concentration to the freely settled 
concentration is identified as an important parameter, and may be 
interpreted as an indication of the mobility of a particle wi thin the 
mixture. 
1.7 TIle horizontal and vertical down friction gradients have similar values. 
1.8 'nle vertical down friction pressure gradient is slightly greater than 
the vertical up friction loss. 
1.9 TIle Western Deeps slurry appears to form a non-Newtonian mixture at high 
concentration, which prevented the determination of the dynamic 
coefficient of friction for the Western Deeps particles due to 












1.10 The dynamic coefficient of sliding friction, measured using the rotating 
disc apparatus, remains constant with rotational speed. for the three 
settling materials evaluated (Blyvoorui tsig, East Driefontein and Vaal 
Reefs) • 
1.11 There appears to be no discernible trend regarding the effect of 
particle size distribution on the dynamic coefficient of sliding 
friction. 
1.12 As the mechanism of solid particles sliding relative to each other is 
similar to solid particles sliding against a solid boundary, the 
variation of the dynamdc coefficient of friction with solids 
concentration has been estimated as being the same as the variation of 
the measured. angle of internal friction with solids concentration. 
2. MECHANISTIC KlDEL 
2.1 The particle size distribution of the solid particles in the mixture is 
divided into "fine" and "coarse" fractions. The division of the 
particle size distribution is based on a particle settling velocity of 
1 DlD/s calculated using Stoke's law for laminar settling. 
2.2 The model has been specifically been developed for dense phase mixtures 
which are defined to exist when the concentration of the coarse fraction 
exceeds the freely settled (sul:merged loose poured) concentration of the 
coarse fraction and the predominant mechanism supportina the particles 
is interparticle contact. 
2.3 The differential equation describina the velocity distribution wi thin 
the pipe has been formulated by applying the Cauchy mcmentla equations 
to the solid and liquid pusses of the mixture. 
2.4 The shear stress distribution due to the applied pressure gradient is 












2.5 The concept of lateral interparticle stress, arising from the stress on 
particles due to fluid dynamic drag exerted on the particles by the 
seepage flow of the vehicle, is presented. 
2.6 The solid phase shear stress wi thin the pipe section is evaluated using 
the internal angle of friction between the solid particles. At the pipe 
wall the coefficient of sliding friction is used to calculate the wall 
shear stress due to the solid phase. 
2.7 The concept of sheared and unsheared zones wi thin the pipe section based 
on the applied shear stress distribution and the failure shear stress of 
the granular matrix is introduced. In the unsheared zone the fluid 
shear is zero and consequently there is no velocity gradient. It is 
shown that three possible flow regimes are possible : 
a) unsheared zone occupying the whole pipe section - plug flow. 
b) unsheared core surrounded by annular region of sheared granular 
matrix. 
c) tmSheared zone in contact with a portion of the pipe wall forming 
a "sliding bed" of unsheared particles. 
2.8 The viscosity of the mixture and the vehicle are evaluated usina the 
correlation ascribed to Landel et ale 
2.9 The differential equation describina the velocity distribution is solved 
using the finite element method with boundary conditions specific to the 
problem imposed. 
2 ~ 10 The boundary velocity of the mixture is evaluated by considering the 












3. EVALUATION OF MECHANISTIC IDDEL 
3. 1 The asynmetry of the velocity profile calculated using the mechanistic 
model becomes more pronotmeed with increasing mean mixture velocity and 
pipe diameter, and decreasing concentration. 
3.2 The calculated transition velocity between the stationary bed and 
"sliding" bed flow regimes under predicts the transition at low solids 
concentrations (less than the freely settled particle concentration). 
For high concentration mixtures the model appears to over predict the 
transi tion velocity. The model predicts an increasing transition 
veloci ty with increasing pipe diameter, and that the rate of increase is 
greater for lower concentration mixtures. 
3.3 'lhe calculated horizontal pressure gradient versus mean mixture velocity 
curves are linear. and have a similar slope to the meas1.n'ed curves. 'lhe 
curve of the calculated horizontal pressure gradient versus solids 
concentration is similar to the measured curves, although the model over 
predicts the pressure gradient for solids concentrations less than 48% 
by voltune (Le. the freely settled concentration) • 
3.4 The vertical down calculated pressure gradients have similar slopes to 
the meas1.n'ed curves. '!he curve of the predicted vertical down pressure 
gradient versus solids concentration shows good agreement with the 
meas1.n'ed curves. 
3.5 '!he log standard error between the predicted pressure gradients and the 
measured pressure gradients are generally less than 0,04 (average error 













4. CX>NTRIBUl'IONS MADE BY THIS THESIS 
The major contributions made to the field of Hydraulic Transport of 
Solids in Pipelines are as follows : 
4. 1 A data base of measured pressure gradients for the high concentration 
flow of cyclone classified tailings has been established. 
4.2 A standardised procedure for determining the subnerged internal angle of 
friction for solid particles has been presented. 
4.3 A rotating disc apparatus has been developed to determine the dynamic 
coefficient of friction for fine grained solid particles. 
4.4 A mechanistic analytical model for the dense phase flow of cyclone 
classified tailings has been developed, which is an advancement on 
previous dense models as : 
( i ) the model is applicable for solids with wide particle size 
distributions 
(ii) detailed solid particle and fluid friction mechanisms have been 
considered 
( iii ) the concept of sheared and \DlSheared zones wi thin the pipe is 














The objective of this chapter is to highlight and discuss possible 
future research topics that may arise as an extension of the work 
presented in this thesis. The following research topics are discussed 
(a) Solid particle sliding friction 
The range of the experimentally measured values of the dynamic 
coefficient of friction may be extended by testing different 
types of solid particles sliding over various surface materials 
of varying roughness. A method of measuring the incipient 
coefficient of friction using the existing rotating disc 
apparatus is suggested. 
(b) Normal interparticle stress at pipe wall 
Knowledge of the interparticle stress acting against the pipe 
wall is of prime importance for the correct evaluation of the 
solid particle pipe wall frictional forces. The design of an 
apparatus is proposed which will allow for the normal 
interparticle stress at the pipe wall to be measured 
experimentally. 
(c) Velocity and concentration distribution in pipeline 
The velocity distribution predicted by the mechanistic model, and 
the assumption of a tmiform concentration distribution, should be 
verified by experimentally measuring the local mixture velocities 
and solids concentrations. 
(d) Further develoJJDent of mechanistic model 
It is envisaged that the mechanistic model developed in this 
thesis will form part of an ongoing investigation of solids 












other types of slurry flow such as heterogeneous turbulent 
mixtures, and non-Newtonian mixtures. 
( e) Distribution of wear around the pipe circumference 
As a hydraulic transport pipeline will fail at that point of its 
cross section that has the least pipe wall thickness, the 
operating life of the pipeline is determined by the local wear 
rates around the pipe circumference opposed to the global wear 
rate. It is proposed that the dense Pmse mechanistic model be 












2. SOLID PARTICLE SLIDING FRICTION 
2.1 QynRrnic coefficient of sliding friction 
This thesis examined. the dynamic frictional forces between a smooth 
stainless steel surface and typical cyclone classified. tailings solid 
particles. It would be of interest to examine the influence of 
different surface roughnesses and solid particle types (Le. various 
particle size distributions, shape factors and mineral canposi tions) on 
the dynamic coefficient of friction. 
Backfill pipelines are being lined. with various polymethanes and high 
density polyethylenes to provide greater pipeline wear resistance and 
hence increased. pipeline life. As these materials have a very wide 
range of hardnesses, the nature of the frictional forces between these 
polymeric materials and solid particles should be investigated. 
2.2 Incipient coefficient of sliding friction 
The incipient coefficient of friction between the solid particles and 
the pipe wall (expected. to be greater than the dynamic coefficient of 
friction) is important when analysing problems such as the restart of a 
pipeline filled. with slurry. Figure 8.1 shows an arrangement by which 
the existing rotating disc apparatus (used. to measure the dynamic 
coefficient of friction) could be used. to determine the incipient 
coefficient of friction. 
Referring to Figure 8. 1, torque is transmitted. to the shaft of the 
rotating disc by a suspended weight attached. to a cable. Provided that 
the frictional resistance between the annular channel filled with solid 
particle is greater than the applied torque the disc will not rotate. 
As the mass of the weight is gradually increased the torque applied. to 
the rotating disc is increased. tmtil the applied torque exceeds the 
frictional resistance causing the disc to rotate. The peak force 
measured on the load cell restraining the annular channel fran rotating 
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Figure 8.1 Proposed arrangement of rotating disc apparatus to 












3. NCRJAL INl'ERPARTICLE STRESS AT PIPE WALL 
'!be solid phase shear stress at the pipe wall is the product of the 
normal interparticle stress acting aaainst the pipe wall and the dynamic 
coefficient of friction between the solid particles and pipe wall. In 
this thesis the dynamic coefficient of friction has been measured 
independently of the pipeline using the rotating disc apparatus, while 
the normal interparticle stress has been estimated using asBl.llled stress 
relations (coefficient of lateral interparticle stress and Wilson's 
hydrostatic asstmption). A direct measurement of the normal 
interparticle stress will yield valuable information on the solid phase 
shear stress at the pipe wall, solid particle stress relations and dense 
phase flow mechanisms. 
Figure 8.2 illustrates the proposed desian of a device to measure the 
normal interparticle stress at the pipe wall. '!be principle of the 
method is to compare the total stress (fluid pressure plus no1'llBl. 
interparticle stress) and the pore water pressure (fluid pressure) 
acting at two points at the same level on the pipe cross section. '!be 
difference between the two measurements will be the nol'lllBl interparticle 
stress ( effective stress in soil mechanics). 
1be fluid pressure is measured using a static wall tapping, while the 
total stress is measured by placinc a flexible rubber JDeIIbrane over a 
hole in the pipe wall as shOloll'l in Figure 8.2. Both the fluid pressure 
and the normal interparticle stress will be transmitted t.h:rouah the 
membrane. '!bere are various techniques by which the pressures -.y be 
compared. - the primary requirement beina that the deflection of the 
membrane is either nulled or kept to a mini.mta by usina a small 
vol\.lDetric displacement system. '!be siJnplest method is probably to use 
an electronic pressure transducer as shown in I'Uure 8.2. 
Figure 8.3 shOWB an arrancement whereby the device could be used to 
verify Wilson's hydrostatic interparticle stress distribution for 
stationary and slicn.n. bed flow regimes. 'lbe variation of the nol'lllBl. 
interparticle stress with height above the pipe invert could be 
determined (by cauparina pressures at different levels in the pipe 
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Figure 8.2 Proposed design for device to measure normal interparticle 













Arrangement of normal interparticle stress device to 













4. VELOCITY AND CONCEN'IRATIOO DISTRIBVl'IOO 
As part of the early investigations conducted for this thesis into the 
nature of the flow of solids liquid mixtures in pipelines an isokinetic 
sampling probe was developed (Cooke and Lazarus (1988». 'lbe probe 
samples slurry flows isokinetically without requiring a separate 
measurement of the local velocity J by using the stagnation pressure in 
the sampling tube as a reference. 'lbe isokinetic probe is described in 
Appendix D. 
When using the probe to sample high concentration mixtures such as 
typical backfill slurries J the integrated local mixture velocities do 
not equal the measured mixture flow rate. 'lbus it is co cluded that the 
probe is not sui table for sampling high concentration mixtures. 
Brown et al (1983) developed a probe to measure point velocities in 
slurry flows using a cross-correlation technique. Nasr-el-Din (1986) 
used this probe to measure local mixture concentrations based on the 
mixture resistivity. It is suggested that these methods be used to 













5. FlJR'l1IER DEVEIpfflENT OF MECHANISTIC ~EL 
5. 1 Turbulent heterogeneous slurry flow 
The mechanistic model may be extended to deal with heterogeneous 
mixtures in which particles are partially or completely suspended 
through turbulent diffusion. The work of Roco and Shook « 1982), 
(1983), (1984), (1985a), (1985b )" (1987», Roco and Balakrishnam (1985) 
and Roco and Mahadevan « 1986a) and (1986b» provides the fourdation for 
the analysis of turbulent slurry flows. 
5.2 Non-Newtonian slurry flow 
The mechanistic model may be adapted to deal with no -Newtonian mixtures 
by incorporating the appropriate constitutive relations for the fluid 
shearing stress. To illustrate the analysis of a non-Newtonian mixture, 
the analysis of a slurry which is considered to be a canbination of a 
dense phase mixture and a stabilised mixture (all particles supported by 
the yield stress of the mixture) is examined below. 
Figure 8.4 shows the distribution of shear stresses acting within a 
non-Newtonian dense phase mixture, i. e. a slurry in which the particles 
are supported by a combination of interparticle contact and the yield 
stress of the mixture. For relative motion between adjacent elements of 
the mixture to occur (i.e. dv/dy. 0) the applied shear stress must 
exceed the stm of the solid particle matrix failure shear stress and the 
yield stress of the mixture. Referrina to Figure 8.4 this is seen to 
occur at points a b resultina in an lmSheared core of slurry 
surrounded by a sheared annulus of mixture with the slurry velocity 
distribution as shown. This flow case may be solved using the methods 
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Figure 8.4 Shear stress distribution in a non-Newtonian 












6. DIS'lRIBUI'ION OF WEAR AROOND nm PIPE CIRCUMFERENCE 
Roco and Cader (1985) have outlined. a canputational approach to 
predicting wear distribution in slurry pipelines. They postulate that 
wear occurs through a combination of three wear' mechanisms : 
( i) random impact of particles having fluctuating velocities, 
( ii ) directional impact of particles with a predominant convective 
veloci ty toward the wall, and 
(iii) friction. 
Sliding friction is likely to be the dominant mechanism by which 
material is removed. from pipelines conveying the dense phase mixtures 
considered in this investigation. The material loss due to friction 
should be directly related to the interparticle normal stress at the 
pipe wall and the particle velocity. As the dense phase mechanistic 
model may be used. to calculate the local interparticle normal stress and 
particle velocity, the use of the model for predicting local wear rates 























CYCUM CLASSlfIBP TAIIJNQ8 
















Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Tellperature (·C) 
Pipe Internal Diameter (mm) 
Pipe Roughness (~m) 
Pipeline Slope 
Pressure Slurry 












Particle Size Distribution 
Velocity Gradient Temp. Sieve and Maivern Size Analysis * 
( ·C) Size (~m) % Passing % Retained (a/s) (kPa/m) 
3.794 7.399 16.1 2360.0 100.0 .0 
3.812 7.331 16.1 1180.0 99.7 .3 
3.810 7.232 16.2 600.0 96.2 3.5 
3.834 7.315 16.3 425.0 87.8 8.4 
3.345 5.979 16.5 261.6 58.5 29.3 
3.367 6.224 16.6 160.4 23.7 34.8 
3.362 6.267 16.6 112.8 14.8 8.9 
3.183 5.568 16.7 84.3 7.9 6.9 
3.084 5.365 16.9 64.6 6.9 1.0 
3.093 5.422 17.0 50.2 6.5 .4 
3.099 5.540 17.0 39.0 5.5 1.0 
2.757 4.886 17.1 30.3 5.1 .4 
2.753 4.493 17.1 23.7 4.8 .3 
2.748 4.404 17.1 18.5 4.4 .4 
2.375 3.713 17.1 14.5 4.0 .4 
2.386 3.558 17.1 11.4 3.6 .4 
2.384 3.713 17.1 9.1 3.0 .6 
2.075 2.962 17.1 7.2 2.5 .5 
2.077 3.018 17.1 5.8 1.6 .9 
2.073 2.993 17.1 Pan .1 1.5 
1.680 2.405 17.1 
1.678 2.433 17.1 OBSERVED FLOW BEHAVIOUR 
1.675 2.410 17.1 Velocity Observation 
1.253 2.432 17.1 (m/s) (D = .0 mm) 
1. 251 2.468 17.1 
1. 254 2.386 17.1 
*--425 ~m Malvern Particle Size Analyser 




























Data File: BV25H62U 
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20 Data FUe : BV25H65U 
I I J I J • • 
DATA FILE BV25H65U 
Test Facility UCT 25 mm NB 
18 r- -
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 




Slurry Relative Density 1.65 
Solids Voluaetric concentration (t) 39.16 
Solids Mass Concentration (%) 63.13 
Mean Slurry Temperature (·C) 17.4 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~.) 21.0 
~ 12 r- -c pipeline Slope Horizontal 
II .... 
10 1l r- -II 
C-
al 8 r- -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (~m) t Passing % Retained 
3.458 6.793 16.9 2360.0 100.0 .0 
3.467 7.334 17.0 1180.0 99.9 .1 • I c-:l 6 -II II -II • ~ I c- - -Q. • 2 r- m • -
3.473 6.961 17.0 600.0 99.5 .4 
3.465 7.039 17.1 425.0 96.3 3.2 
2.929 5.523 17.3 261.6 73.6 22.7 
2.933 5.524 17.3 160.4 37.5 36.1 
2.932 5.731 17.3 112.8 23.4 14.1 
2.941 5.502 17.4 84.3 16.1 7.3 
2.551 4.373 17.4 64.6 14.0 2.1 
2.561 4.623 17.4 50.2 12.7 1.3 
2.557 4.585 17.5 39.0 11.3 1.4 
0 J I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 ~.O 
M1xture Veloc1ty (m/e) 
2.562 4.357 17.5 30.3 10.4 .9 
2.106 3.190 17.5 23.7 9.7 .7 
2.103 3.207 17.5 18.5 8.8 .9 
2.079 3.150 17.5 14.5 7.9 .9 
2.066 3.188 17.5 11.4 6.9 1.0 
l.b98 2.434 17.5 9.1 5.7 1.2 >-. 
w 1.691 2.445 17.5 7.2 4.5 1.2 
1.695 2.527 17.5 5.8 2.8 1.7 
100 1. 243 2.186 17.5 Pan - .2 3.0 1.240 2.185 17.4 
1.236 2.164 17.4 OBSERVED FLOW BEHAVIOUR 
90 
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DATA FILE BV25H74U 
Test Facility UCT 25 mm HB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.74 
Solids Voluaetric Concentration (%) 44.58 
Solids Mass Concentration (%) 68.15 
Mean Slurry Temperature (·C) 17.8 
Pipe Internal Diameter (am) 26.60 
pipe Roughness (~m) 21.0 
































































Particle Size Distribution 
Sieve and Malvern Size Analysis * 
Size (~.) % passing % Retained 
2360.0 100.0 .0 
1180.0 99.9 .1 
600.0 99.4 .5 
425.0 92.9 6.5 
261.6 68.4 24.5 
160.4 33.6 34.8 
112.8 19.8 13.8 
84.3 12.8 7.0 
64.6 11.1 1.7 
50.2 9.8 1. 3 
39.0 8.5 1.3 
30.3 7.9 .6 
23.7 7.3 .6 
18.5 6.5 .8 
14.5 5.9 .6 
11.4 5.2 .7 
9.1 4.3 .9 
7.2 3.5 .8 
5.8 2.2 1. 3 
Pan .0 2.2 
* -425 ~m Malvern Particle Size Analyser 
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DATA FILE BV25H77U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.77 
Solids Volumetric concentration (t) 46.39 
Solids Mass concentration (t) 69.71 
Mean Slurry Temperature (·C) 18.8 
pipe Internal Diameter (am) 26.60 
Pipe Roughness (~m) 21.0 



































































Particle size Distribution 
Sieve and Malvern size Analysis * 
size (~m) t Passing t Retained 
2360.0 100.0 .0 
1180.0 100.0 .0 
600.0 99.2 .8 
425.0 94.7 4.5 
261.6 77.3 17.4 
160.4 37.4 39.9 
112.8 23.6 13.8 
84.3 14.7 8.9 
64.6 13.2 1.5 
50.2 12.2 1.0 
39.0 10.8 1.4 
30.3 10.0 .8 
23.7 9.3 .7 
18.5 8.4 .9 
14.5 7.7 .7 
11.4 6.8 .9 
9.1 5.6 1.2 
7.2 4.6 1.0 
5.8 3.0 1.6 
Pan .1 2.9 










10 'C I-• L 
CD 8 r-
• L 










...t 70 • • • 60 C1. 




Data File: BV25H77U 












I I I I I 
1.0 1.5 2.0 2.5 3.0 3.5 41.0 
Mixture Velocity (m/e) 
> . 
VI 
10 100 1000 10000 











DATA FILE BV25H81U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.81 
Solids Voluaetric Concentration (t) 48.80 
Solids Mass Concentration (t) 71.71 
Mean Slurry Temperature (·C) 20.1 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (IA.) 21.0 





























































Particle Size Distribution 
Sieve and Malvern Size Analysis * 
Size (lAm) t Passing t Retained 
2360.0 100.0 .0 
1180.0 99.9 .1 
600.0 99.1 .8 
425.0 95.6 3.5 
261.6 70.5 25.1 
160.4 34.5 36.0 
112.8 21.8 12.7 
84.3 13.1 8.7 
64.6 11.4 1.7 
50.2 10.4 1.0 
39.0 9.0 1.4 
30.3 8.4 .6 
23.7 7.9 .5 
18.5 7.1 .8 
14.5 6.5 .6 
11.4 5.7 .8 
9.1 4.6 1.1 
7.2 3.6 1.0 
5.8 2.2 1.4 
Pan .3 2.5 




"-• 11. 1'" -II ..., 
.... 12 -c • .... 
10 'D -• L 
CD B -
• L 








c .... 70 • • • 60 11. 




Data FHe : BV25HB1U 






m a -.11 -
-
-
I I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 "'.0 
Mixture Velocity (m/a) 
> 
0\ 
10 100 1000 10000 











DATA FILE BV25D62U 
0 
Data F1le : BV25D62U 
I I I I I I I 
Test Facility UCT 25 mm HB 
Test Date June 1990 
Material Description Blyvooruitsig eeT 
Material Relative Density 2.66 
Slurry Relative Density 1.62 
Solids Volumetric Concentration (%) 37.35 
Solids Mass Concentration (%) 61.33 
Mean Slurry Temperature (·e) 16.9 
Pipe Internal Diameter (mm) 26.60 
pipe Roughness (~a) 21.0 
Pipeline Slope Vertical Down 
2 "-to- -
E ,- 4 to- -II 
Cl. 
:f-
6 to- -,f.J • C II .... 
8 'D roo -II [3. 
t. 
(!) S 
II -10 to- -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. sieve and Malvern Size Analysis * 
(a/s) (kPa/a) ( ·e) size (~m) % Passing % Retained 
3.794 - 6.607 16.1 2360.0 100.0 .0 
3.812 - 6.703 16.1 1180.0 99.7 .3 
t. I :J 
II II ., -12 ,... -II ~ L 
Cl. 
II 
-14 - -II 
3.810 - 6.595 16.2 600.0 96.2 3.5 
3.834 - 6.520 16.3 425.0 87.8 8.4 
3.345 - 8.471 16.5 261.6 58.5 29.3 
3.367 - 8.376 16.6 160.4 23.7 34.8 
3.362 - 8.587 16.6 112.8 14.8 8.9 
3.183 - 8.579 16.7 84.3 7.9 6.9 
3.084 - 9.575 16.9 64.6 6.9 1.0 
3.093 - 9..277 17.0 50.2 6.5 .4 
3.099 - 9.571 17.0 39.0 5.5 1.0 
-16 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 .3.5 4.0 
2.757 -10.837 17.1 30.3 5.1 .4 
2.753 -10.529 17.1 23.7 4.8 .3 
2.748 -10.672 17.1 18.5 4.4 .4 
M1xture Velocity (m/s) > 
2.375 -11.592 17.1 14.5 4.0 .4 
2.386 -11.640 17.1 11.4 3.6 .4 . 
...... 2.384 -11. 734 17.1 9.1 3.0 .6 
2.075 -12.277 17.1 7.2 2.5 .5 
2.077 -12.454 17.1 5.8 1.6 .9 
100 2.073 -12.205 17.1 Pan .1 1.5 
1.680 -13.538· 17.1 
90 
1.678 -13.439 17.1 OBSERVED FLOW BEHAVIOUR 
1.675 -13.396 17.1 Velocity observation 
1.253 -14.437 17.1 (m/s) (D = .0 mm) 
1.251 -14.478 17.1 80 
0 
c 1.254 -14.407 17.1 .... 70 







,f.J 40 c 
II 





1 10 100 1000 10000 











Data File: eV25D65U 
DATA FILE BV25D65U 
0 I I I I I I I 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT. 
Material Relative Density 2.66 
Slurry Relative Density 1.65 
Solids Volumetric Concentration (%) 39.16 
Solids Mass Concentration (%) 63.13 
Mean Slurry Temperature (·C) 17.4 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Vertical Down 
- 2 .... -
E ,- 4 - -., 
Q. 
~ 
- 6 - -
~ 
c ., .... 
e -'0- -., 
L 
C!I 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
3.458 - 8.935 16.9 2360.0 100.0 .0 
u -10 - i 
-
L 
:l I II 
II -12 f-
@ -., L 
Q. II 
-14 f- -
3.467 - 8.708 17.0 1180.0 99.9 .1 
3.473 - 8.410 17.0 600.0 99.5 .4 
3.465 - 8.672 17.1 425.0 96.3 3.2 
2.929 -10.646 17.3 261.6 73.6 22.7 
2.933 -10.382 17.3 160.4 37.5 36.1 
2.932 -10.631 17.3 112.8 23.4 14.1 
2.941 -10.833 17.4 84.3 16.1 7.3 
2.!,>51 -11.483 17.4 64.6 14.0 2.1 
I!I 2. ·)61 -11.411 17.4 50.2 12.7 1.3 
2.":>57 -11.566 17.5 39.0 11.3 1.4 
-16 I I I I I I I 
2.562 -11.258 17.5 30.3 10.4 .9 
2.106 -12.760 17.5 23.7 9.7 .7 
2.103 -12.280 17.5 18.5 8.8 .9 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/e) 
>-
2.079 -12.341 17.5 14.5 7.9 .9 
2.066 -12.521 17.5 11.4 6.9 1.0 
1.698 -13.450 17.5 9.1 5.7 1.2 
1.691 -13.584 17.5 7.2 4.5 1.2 00 
1.695 -13.294 17.5 5.8 2.8 1.7 
100 1.243 -14.552 17.5 Pan - .2 3.0 1.240 -14.535 17.4 
1.236 -14.513 17.4 OBSERVED FLOW BEHAVIOUR 
90 
* -425 ~m Malvern Particle Size Analyser 
80 
CI 
c .... 70 
II 




~ 40 C 
II 





1 10 100 1000 10000 











DATA FILE BV25D74U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.74 
Solids voluaetric Concentration (t) 44.58 
Solids Mass Concentration (t) 68.15 
Mean Slurry Te_perature ('C) 17.8 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~m) 21.0 
































































particle Size Distribution 
Sieve and Malvern Size Analysis * 
Size (~m) t Passing t Retained 
2360.0 100.0 .0 
1180.0 99.9 .1 
600.0 99.4 .5 
425.0 92.9 6.5 
261.6 68.4 24.5 
160.4 33.6 34.8 
112.8 19.8 13.8 
84.3 12.8 7.0 
64.6 11.1 1.7 
50.2 9.8 1.3 
39.0 8.5 1.3 
30.3 7.9 .6 
23.7 7.3 .6 
18.5 6.5 .8 
14.5 5.9 .6 
11.4 5.2 .7 
9.1 4.3 .9 
7.2 3.5 .8 
5.8 2.2 1.3 
Pan .0 2.2 








C • ... 8 'tJ- r-
• t. 













c ... 70 ., 
II • 60 Q. 
U 50 






Data File: BV25D74U 









I I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
> 
\0 
10 100 1000 10000 











DATA PILE BV25D77U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.77 
Solids Voluaetric concentration (%) 46.39 
Solids Mass Concentration (%) 69.71 
Mean Slurry Temperature ("C) 18.8 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (pa) 21.0 



































































Particle Size Distribution 
sieve and Malvern Size Analysis * 
Size (pm) % Passing % Retained 
2360.0 100.0 .0 
1180.0 100.0 .0 
600.0 99.2 .8 
425.0 94.7 4.5 
261.6 77.3 17.4 
160.4 37.4 39.9 
112.8 23.6 13.8 
84.3 14.7 8.9 
64.6 13.2 1.5 
50.2 12.2 1.0 
39.0 10.8 1.4 
30.3 10.0 .8 
23.7 9.3 .7 
18.5 8.4 .9 
14.5 7.7 .7 
11.4 6.8 .9 
9.1 5.6 1.2 
7.2 4.6 1.0 
5.8 3.0 1.6 
Pan .1 2.9 
* -425 pm Malvern Particle Size Analyser 
0 
2 -





r:: ., .... 
8 'O- r ., 
t. 
(!) 













c .... 70 ., ., ., 60 
Q. ., 50 
CI ., 
-6J 40 r:: ., 






Data File: BV25077U 










I I I ~ _1 i I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) > 
~ 
0 
"- 10 100 1000 10000 











DATA FILE BV25D81U . 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.81 
Solids Voluaetric concentration (%) 48.80 
Solids Mass concentration (%) 71.71 
Mean Slurry Temperature (oC) 20.1 
Pipe Internal Diameter (mm) 26.60 
pipe Roughness (~) 21.0 





























































Particle Size Oistribution 
Sieve and Malvern Size Analysis * 
Size (~m) % Passing % Retained 
2360.0 100.0 .0 
1180.0 99.9 .1 
600.0 99.1 .8 
425.0 95.6 3.5 
261.6 70.5 25.1 
160.4 34.5 36.0 
112.8 21.8 12.7 
84.3 13.1 8.7 
64.6 11.4 1.7 
50.2 10.4 1.0 
39.0 9.0 1.4 
30.3 8.4 .6 
23.7 7.9 .5 
18.5 7.1 .8 
14.5 6.5 .6 
11.4 5.7 .8 
9.1 4.6 1.1 
7.2 3.6 1.0 
5.8 2.2 1.4 
Pan .3 2.5 
• -425 ~m Malvern particle Size Analyser 
0 
2 -







B '0- -.. 
L 
(!) 














...t 70 • • .. 60 
IL .. 50 
0 .. 
~ 40 c .. 






Data File: BV25DB1U 









I I I I I I ~ 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
>-
.... .... 
10 100 1000 10000 











DATA FILE BV25U62U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
36 
Data File: BV25U62U 
I I I I I I I 
34 I- -
Slurry Relative Density 1.62 
Solids Volumetric Concentration (%) 37.35 
Solids Mass Concentration (%) 61.33 
Mean Slurry Temperature (·C) 16.9 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope vertical Up 
E 32 t- -
" • 30 l-ll. -
~ 
28 I- -., 
c • 26 t- -.... 
'D • 24 I- -L 
" " 22 I- 13 -• I L 
~ II • 20 - -• m • I L 18 l- i! -Q. II II 
16 I- -
14 I I I I I 
.0 .!5 1.0 1.5 2.0 2.!5 3.0 3.!5 4.0 





Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(a/s) (kPa/m) (. C) Size (~m) % Passing .% Retained 
3.794 23.110 16.1 2360.0 100.0 .0 
3.812 23.223 16.1 1180.0 99.7 .3 
3.810 23.214 16.2 600.0 96.2 3.5 
3.834 23.371 16.3 425.0 87.8 8.4 
3.345 21. 217 16.5 261.6 58.5 29.3 
3.367 21. 748 16.6 160.4 23.7 34.8 
3.362 21. 649 16.6 112.8 14.8 8.9 
3.183 22.569 16.7 84.3 7.9 6.9 
3.084 20.577 16.9 64.6 6.9 1.0 
3.093 20.805 17.0 50.2 6.5 .4 
3.099 20.133 17.0 39.0 5.5 1.0 
2.757 19.005 17.1 30.3 5.1 .4 
2.753 19.436 17.1 23.7 4.8 .3 
2.748 19.424 17.1 18.5 4.4 .4 
2.375 18.373 17.1 14.5 4.0 .4 
2.386 18.867 17.1 11.4 3.6 .4 
2.384 18.564 17.1 9.1 3.0 .6 
2.075 18.237 17.1 7.2 2.5 .5 
2.077 17.900 17.1 5.8 1.6 .9 
2.073 18.220 17.1 Pan .1 1.5 




C .... 70 
1.678 17.337 17.1 OBSERVED FLOW BEHAVIOUR 
1.675 17.351 17.1 Velocity observation 
1.253 17.251 17.1 (m/s) (0 = .0 mm) 
1.251 17.170 17.1 
1.254 17.216 17.1 
• • * -425 pa Malvern Particle Size Analyser • 60 Q. 
• 50 III • ., 40 c • u 30 L • Q. 20 
10 
0 
1 10 100 1000 10000 











DATA FILE BV25U65U 
Test Facility UCT 25 mm NB 36 
Oata FUe : BV25U65U 
I I I I -r I I 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.65 
Solids volumetric Concentration (%) 39.16 
Solids Mass Concentration (%) 63.13 
Mean Slurry Temperature ('C) 17.4 
Pipe Internal Diameter (mm) 26.60 
pipe Roughness (~m) 21.0 
Pipeline Slope vertical Up 
3~ I- -
E 32 ,- -...... • 30 - -Q. 
)l - 2B - -
~ 
C • 26 - -.t
" • 2~ ~ -t. 
(I) I • 22 - -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(a/s) (kPa/m) ( 'C) Size (~.) % passing % Retained 
3.458 22.976 16.9 2360.0 100.0 .0 
3.467 22.551 17.0 1180.0 99.9 .1 
3.473 22.481 17.0 600.0 99.5 .4 
t. • ::J • • 20 - -• • • t. 1B - II -Q. .. 
3.465 22.711 17.1 425.0 96.3 3.2 
2.929 20.817 17.3 261.6 73.6 22.7 
2.933 21. 044 17.3 160.4 37.5 36.1 
2.932 20.708 17.3 112.8 23.4 14.1 
2.941 - 20.799 17.4 84.3 16.1 7.3 
2.551 20.126 17.4 64.6 14.0 2.1 
16 - -2.561 19.908 17.4 50.2 12.7 1.3 2.557 19.831 17.5 39.0 11.3 1.4 
U I I I I 
I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.562 19.984 17.5 30.3 10.4 .9 
2.106 18.701 17.5 23.7 9.7 .7 
2.103 18.878 17.5 18.5 8.8 .9 
Mixture Velocity (m/a) 
> 
2.079 18.725 17.5 14.5 7.9 .9 
2.066 18.724 17.5 11.4 6.9 1.0 . .... 
w 
1.698 17.759 17.5 9.1 5.7 1.2 
1.691 17.694 17.5 7.2 4.5 1.2 
1.695 17.834 17.5 5.8 2.8 1.7 
1.243 17.209 17.5 Pan - .2 3.0 100 
1.240 17.291 17.4 
1.236 17.300 17.4 OBSERVED FLOW BEHAVIOUR 90 




.t 70 • • • 60 Q. 
• 50 at • ~ ~O c • u 30 t. • Q. 20 
10 
0 
1 10 100 1000 10000 











DATA FILE BV25U74U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.74 
Solids Voluaetric Concentration (%) 44.58 
Solids Mass Concentration (%) 68.15 
Mean slurry Temperature (·C) 17.8 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (".) 21.0 
































































Particle Size Distribution 
Sieve and Malvern Size Analysis * 
Size ("m) % Passing % Retained 
2360.0 100.0 .0 
1180.0 99.9 .1 
600.0 99.4 .5 
425.0 92.9 6.5 
261.6 68.4 24.5 
160.4 33.6 34.8 
112.8 19.8 13.8 
84.3 12.8 7.0 
64.6 11.1 1.7 
50.2 9.8 1.3 
39.0 8.5 1.3 
30.3 7.9 .6 
23.7 7.3 .6 
18.5 6.5 .8 
14.5 5.9 .6 
11.4 5.2 .7 
9.1 4.3 .9 
7.2 3.5 .8 
5.8 2.2 1.3 
Pan .0 2.2 





II 30 Q. 
:tl -- 2S 
'" C II 26 
4"1 




















• 50 0 
II 










.5 1.0 1.5 2.0 2.5 3.0 3.5 ~.O 
Mixture Velocity (m/e) > 
t-' 
+:-
10 100 1000 10000 











DATA FILE BV25U77U 
Test Facility UCT 25 mm NB 36 
Oata FUa : BV25U77U 
I I I I I I I 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
3A1 ... -
Slurry Relative Density 1.77 
Solids voluaetric Concentration (\) 46.39 
Solids Mass Concentration (\) 69.71 
Mean Slurry Temperature (·C) 18.8 
Pipe Internal Diameter (am) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Vertical Up 
,.. 32 :- -E 




C • 26 !- -... 
'D • 2A1 - -L 
~ Ul g~ • 22 :- -L 
:J all! • 20 !- -• 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ('C) Size (~m) \ Passing % Retained 
1.949 22.953 17.8 2360.0 100.0 .0 
2.374 23.315 17.9 1180.0 100.0 .0 
2.405 22.383 17.9 600.0 99'.2 .8 
2.459 23.009 18.2 425.0 94.7 4.5 
2.486 22.291 18.3 261.6 77.3 17.4 
2.505 22.693 18.4 160.4 37.4 39.9 
• L 18 I- -Q. 2.103 21. 964 18.8 112.8 23.6 13.8 2.033 21.667 18.9 84.3 14.7 8.9 
2.042 22.454 18.9 64.6 13.2 1.5 
16 :- -2.085 22.163 19.0 50.2 12.2 1.0 1.728 21.413 19.1 39.0 10.8 1.4 
1A1 I I I I I I I 
1.719 20.966 19.2 30.3 10.0 .8 
1.738 21. 277 19.2 23.7 9.3 .7 
1.381 20.281 19.3 18.5 8.4 .9 .0 .!S 1.0 1.!S 2.0 2.!s 3.0 3.!S AI.O 
M1xture Valoc1ty (m/a) > 
1.378 20.603 19.3 14.5 7.7 .7 
1.377 20.545 19.4 11.4 6.8 .9 
1.240 20.401 19.4 9.1 5.6 1.2 ...... 
1.242 20.392 19.5 7.2 4.6 1.0 VI 
1.240 20.555 19.5 5.8 3.0 1.6 
. Pan .1 2.9 100 
* -425 ~. Malvern Particle Size Analyser 90 
80 
CI 
c ... 70 • • • 60 Q. 
• !SO CI • ~ AlO c • u 30 L • Q. 20 
10 
0 
1 10 100 1000 10000 











DATA FILE BV25U81U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.81 
Solids Voluaetric Concentration (%) 48.80 
Solids Mass Concentration (%) 71.71 
Mean Slurry Temperature (·C) 20.1 
Pipe Internal Diameter (ma) 26.60 
pipe Roughness ("m) 21.0 





























































Particle Size Distribution 
Sieve and Malvern Size Analysis * 
Size ("m) % Passing % Retained 
2360.0 100.0 .0 
1180.0 99.9 .1 
600.0 99.1 .8 
425.0 95.6 3.5 
261.6 70.5 25.1 
160.4 34.5 '36.0 
112.8 21.8 12.7 
84.3 13.1 8.7 
64.6 11.4 1.7 
50.2 10.4 1.0 
39.0 9.0 1.4 
30.3 8.4 .6 
23.7 7.9 .5 
18.5 7.1 .8 
14.5 6.5 .6 
11.4 5.7 .8 
9.1 4.6 1.1 
7.2 3.6 1.0 
5.8 2.2 1.4 
Pan .3 2.5 









II 26 -.... 
lJ 





II 20 -II 
II 
















+J 40 c 
II 





Data Fila: 8V25U81U 










I I I I I I I 
.~ 1.0 1.~ 2.0 2.15 3.0 3.15 4.0 
Mixtura Valocity (m/a) > 
..... 
0-
10 100 1000 10000 











Data F1le : BV40H73U 
DATA FILE BV40H73U 
14 
I I I I I I I 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.73 
Solids voluaetric Concentration (%) 43.9S 
Solids Mass Concentration (%) 67.62 
Mean Slurry Temperature ('C) lS.7 
Pipe Internal Diameter (mm) 40.00 
12 ~ 
E 




Pipe Roughness (~m) 52.0 
Pipeline Slope Horizontal .., 
B c - -• 'f'4 
'0 • c.. 6 -CD 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(II/S) (kPa/lI) ( ·C) Size (~II) % Passing % Retained 
3.S47 6.6S5 lS.3 3350.0 100.0 .0 1-
3.S61 6.341 lS.4 2000.0 100.0 .0 • c.. 
::l • 4 -• • c.. 
~ 
2 -
3.S54 6.409 lS.5 11S0.0 99.9 .1 
3.S44 6.725 lS.6 600.0 99.0 .9 
3.S43 6.473 lS.7 425.0 95.3 3.7 
3.223 5.034 lS.S 261.6 74.7 20.6 
3.232 4.950 lS.S 160.4 40.6 34.1 
3.233 4.S19 lS.S 112.S 25.5 15.1 
3.231 4.904 lS.S S4.3 16.3 9.2 
3.233 4.SS1 lS.S 64.6 13.2 3.1 
• I. -
• • -
2.705 3.S23 lS.9 50.2 11.2 2.0 
2.707 4.117 lS.9 39.0 9.9 1.3 
0 
.0 
2.692 3.956 lS.9 30.3 9.0 .9 
2.706 4.026 lS.S 23.7 S.l .9 
2.146 3.116 lS.S lS.5 7.3 .S 
2.145 3.024 lS.S 14.5 6.6 .7 
2.136 3.157 lS.S 11.4 5.7 .9 
2.143 3.120 lS.7 9.1 4.7 1.0 
I I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 > 
M1xture Veloc1ty (m/s) 
to-' ...... 
1.660 2.4S7 lS.7 7.2 3.7 1.0 
1.656 2.616 lS.6 5.S 2.3 1.4 100 
1.650 2.557 lS.6 Pan - .2 2.5 
1.650 2.530 lS.6 
.993 2.561 lS.5 OBSERVED FLOW BEHAVIOUR 90 
.964 3.4SS lS.5 Velocity Observation 
.951 3.1S7 lS.5 (II/S) (D = 46.0 mm) 
.942 3.095 lS.5 .79 35% sliding bed 
.959 2.413 lS.4 1.2S Asymmetric - sliding part. 
.953 3.146 lS.4 1.64 Asymmetric - sliding part. 
2.09 Asy_etric 




'f'4 70 • • • 60 ~
2.94 Appears homogeneous • eo 01 • * -425 ~. Malvern Particle Size Analyser .., 40 c • u 30 c.. • ~ 20 
10 
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DATA FILE BV40H78U 
Test Facility UCT 40 am NB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
12 
'& 




Slurry Relative Density 1.78 
Solids Voluaetric Concentration (%) 46.99 
Solids Mass Concentration (%) 70.22 
Mean Slurry Teaperature (·C) 19.6 
Pipe Internal Diaaeter (am) 40.00 
Pipe Roughness (pa) 52.0 
Pipeline Slope Horizontal 
• .... 
'tJ • I L 6 CD 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. sieve and Malvern Size Analysis * 
(a/s) (kPa/a) ( ·C) Size ("a) % Passing % Retained 
4.055 8.235 18.9 3350.0 100.0 .0 
• m L • ::J • 4 • [3 • • L D- B 
2 
4.061 7.789 19.1 2000.0 100.0 .0 
4.086 7.900 19.2 1180.0 99.9 .1 
4.095 7.865 19.3 600.0 99.1 .8 
4.097 8.030 19.4 425.0 95.4 3.7 
3.170 5.899 19.6 2.61. 6 70.7 24.7 
3.173 6.143 19.7 160.4 34.9 35.8 
3.167 6.018 19.7 112.8 23.2 11. 7 
3.159 6.184 19.7 84.3 15.1 8.1 
2.684 5.323 19.8 64.6 12.9 2.2 
2.685 5.372 19.8 50.2 11.8 1.1 
2.681 5.420 19.9 39.0 10.7 1.1 
0 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.683 5.087 19.9 30.3 9.8 .9 
2.151 4.262 19.9 23.7 9.0 .8 
2.147 4.342 19.8 18.5 8.3 .7 
Mixture Velocity (m/a) :J> . 2.160 4.276 19.8 14.5 7.6 .7 2.145 4.378 19.8 11.4 6.6 1.0 
t-' 
00 
2.153 4.428 19.8 9.1 5.4 1.2 
1.593 3.094 19.7 7.2 4.4 1.0 
1.594 3.062 19.7 5.8 2.8 1.6 100 
1.599 3.001 19.7 Pan - .2 3.0 
90 1.594 3.555 19.7 1.593 3.042 19.6 OBSERVED FLOW BEHAVIOUR 
80 
D 
C .... 70 • • • 60 D-
• 50 D • 
1.589 3.069 19.6 Velocity Observation 
1.156 2.448 19.5 (a/s) (D = 46.0 am) 
1.129 2.445 19.5 • 87 Asymmetric - sliding part • 
-1.175 2.447 19.5 1.24 Asyaaetric - sliding part. 
1.166 2.420 19.4 1.64 Asymmetric - sliding part. 
2.05 Asymmetric 
2.45 Appears hoaogeneous 
3.06 Appears hoaogeneous 
* -425 "a Malvern Particle size Analyser ..., 40 c • u 30 L • D- 20 
10 
0 
1 10 100 1000 10000 











Data File: BV4IOH81U 
DATA FILE BV40H81U 
141 I I I I I I I 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.81 
Solids Voluaetric Concentration (%) 48.80 
SOlids Mass Concentration (%) 71.71 
Mean Slurry Teaperature (oC) 20.6 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~a) 52.0 




• 10 I- -IL • ~ .., I 
c 8 l- • -• • .... l:J • c.. 6 I- -CD 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) (oC) Size (~m) % Passing % Retained 
3.458 9.638 19.2 3350.0 100.0 .0 
• • c.. :::I 3.458 9.337 19.4 2000.0 100.0 .0 3.478 9.433 19.5 1180.0 100.0 .0 3.487 9.661 19.7 600.0 99.2 .8 • 41 I- -• • c.. 
IL 
3.499 9.523 19.9 425.0 95.2 4.0 
3.175 8.691 20.2 261.6 68.3 26.9 
3.180 8.485 20.3 160.4 32.2 36.1 
3.178 8.783 20.4 112.8 21.0 11.2 
2 - -3.178 8.658 20.5 84.3 13.1 7.9 3.187 8.496 20.6 64.6 11.6 1.5 
2.615 7.318 20.8 50.2 10.6 1.0 
2.592 7.388 20.9 39.0 9.6 1.0 
0 I ~ I I I I 
I 
.0 .15 1.0 1.15 2.0 2.15 3.0 3.15 41.0 
Mixture Velocity (m/e) > "-
to-' 
2.616 7.262 20.9 30.3 9.0 .6 
2.612 7.495 21.0 23.7 8.4 .6 
2.086 6.080 21.0 18.5 7.8 .6 
2.091 6.389 21.1 14.5 7.2 .6 
2.101 6.278 21.1 11.4 6.3 .9 
2.084 6.265 21.1 9.1 5.3 1.0 \0 
1.594 5.031 21.1 7.2 4.4 .9 
100 1.578 5.267 21.1 5.8 2.9 1.5 
1.575 5.144 21.1 Pan .1 2.8 
90 1.568 5.256 21.1 1.573 5.303 21.1 OBSERVED FLOW BEHAVIOUR 
80 
01 
C .... 70 • • • 60 IL 
• 150 01 • 
1.025 3.397 21.0 Velocity Observation 
.925 3.633 21.0 (m/s) (0 = 46.0 mm) 
.890 3.931 21.0 .83 As~etric - sliding part. 
.861 3.973 21.0 1.24 Sl~ght asymmetry 
.865 3,962 21.0 1.64 Slight asymmetry 
2.01 Appears hoaogeneous 
2.05 Appears homogeneous 
2.62 Appears homogeneous 
* -425 ~m Malvern Particle Size Analyser .., 
410 c • u 30 c.. • IL 20 
10 
0 
1 10 100 1000 















Material Relative Density 
Slurry Relative Density 
Solids voluaetric Concentration 
Solids Mass concentration (\) 
Mea.n Slurry Temperature (. C) 
Pipe Internal Diameter (am) 
pipe Roughness (~.) 
Pipeline Slope 
Pressure Slurry 












Particle Size Distribution 
Velocity Gradient Temp. sieve and Malvern Size Analysis * 
( ·C) (m/s) (kPajm) Size (~m) , Passing , Retained 
2.705 13.597 18.3 3350.0 100.0 .0 
2.731 13.419 18.4 2000.0 100.0 .0 
2.724 13.499 18.8 1180.0 99.9 .1 
2.739 12.808 18.8 600.0 99.2 .7 
2.728 13.177 18.8 425.0 95.1 4.1 
2.126 10.259 18.8 261.6 76.0 19.1 
2.119 10.070 18.8 160.4 43.6 32.4 
2.121 10.244 18.9 112.8 27.7 15.9 
2.123 10.207 18.9 84.3 17.9 9.8 
2.125 10.287 18.9 64.6 15.0 2.9 
1.504 7.518 18.8 50.2 13.3 1.7 
1.481 7.801 18.8 39.0 12.1 1.2 
1.492 7.744 18.8 30.3 11.1 1.0 
1.516 7.781 18.8 23.7 10.3 .8 
1.536 7.832 18.7 18.5 9.6 .7 
.992 5.735 18.7 14.5 8.8 .8 
.906 5.644 18.6 11.4 7.7 1.1 
.834 5.894 18.6 9.1 6.5 1.2 
.790 5.988 18.6 7.2 5.5 1.0 
.770 6.012 18.5 5.8 3.7 1.8 
.495 4.748 18.5 Pan .3 3.4 
.475 4.573 18.5 
.380 4.486 18.5 OBSERVED FLOW BEHAVIOUR 
.376 4.509 18.4 Velocity Observation 
.347 4.555 18.4 (m/s) (D = 46.0 am) 
.42 Appears homogeneous 
.67 Appears homogeneous 
1.24 Appears homogeneous 
1.64 Appears homogeneous 
2.05 Appears homogeneous 
* '-425 ~ Malvern Particle Size Analyser 
Data File : BV40H86U 
141 I I I I I I 
12 l- -
E 
" • 10 l-ll. I -
JI. -
o6J 
B c - -• ~
lJ • t. 6 - ~ (!) -
• t. rtJIj :::J • • 4 - -• t. 
11. 
2 - -
0 I I 1 1 1 
I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/a) > 
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Data File : BV40HB7U 
DATA PILE BV40H87U 
14 
I I I I I I I 
Test Facility VCT 40 mm NB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.87 
Solids Volumetric Concentration (%) 52.41 
Solids Mass Concentration (%) 74.55 
Mean Slurry Temperature (·C) 29.2 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~.) 52.0 
Pipeline Slope Horizontal 
12 ~ ~ -
,... [31 E 
""-
II 10 ~ -Q. 
~ •• 
+J 
8 II -c ~ 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(a/s) (kPa/m) ( ·C) Size (~.) % Passing % Retained 
1.640 11.050 25.8 3350.0 100.0 .0 
1.754 11.324 26.0 2000.0 100.0 .0 
2.038 12.127 27.4 1180.0 100.0 • 0 
2.039 12.263 27.7 600.0 99.4 .6 
2.067 12.498 27.9 425.0 95.5 3.9 
.. .... 
'C • II L 6 I- -C9 .. III L 
::J 
" .. 4 - -2.088 12.480 28.1 261.6 68.7 26.8 1. 773 10.620 28.7 160.4 32.2 36.5 




1.747 11.041 29.3 84.3 15.6 7.3 
1.755 10.784 29.5 64.6 13.9 1.7 
1.424 9.168 30.0 50.2 13.1 .8 
2 - -
" 
1.403 9.329 30.2 39.0 12.2 .9 
1.390 9.361 30.2 30.3 11.5 .7 
1. 376 9.174 30.2 23.7 10.8 .7 
1.384 9.344 30.1 18.5 10.1 .7 
0 I I I I I I 
I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
1.109 8.130 30.0 14.5 9.4 .7 
1.106 8.269 30.0 11.4 8.4 1.0 
1.113 8.150 30.0 9.1 7.1 1.3 
Mixture Valocity (m/e) > 
N 
t-' 
1.111 8.157 30.0 7.2 6.0 1.1 
.771 6.607 30.0 5.8 4.0 2.0 
.737 6.550 29.9 Pan .2 3.8 
100 
.733 6.557 29.9 
.743 6.632 29.9 OBSERVED FLOW BEHAVIOUR 90 
.509 5.155 29.8 Velocity Observation 
.485 5.175 29.7 (m/s) (D = 46.0 mm) 
.454 5.079 29.7 .30 Appears homogeneous 
.• 448 5.024 29.6 .42 Appears homogeneous 
• 360 4.336 29.6 .63 Appears homogeneous 
.318 4.264 29.5 .87 Appears homogeneous 
• 339 4.274 29.5 1.12 Appears homogeneous 
.313 4.105 29.4 1.36 Appears homogeneous 
. . 309 4.121 29.3 1.52 Appears homogeneous 
80 
0 
c .... 70 .. • .. 60 
Q. .. 50 
0 ___ 0" 
* -425 ~. Malvern Particle Size Analyser .. +J 40 c .. 
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DATA FILE BV40D73U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.73 
Solids Volumetric concentration (%) 43.98 
Solids Mass concentration (%) 67.62 
Mean Slurry Temperature (OC) 18.7 
pipe Internal Diameter (mm) 40.00 
pipe Roughness (~m) 52.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(a/s) (kPa/m) (OC) Size (~m) 'Passing % Retained 
3.847 - 9.203 18.3 3350.0 100.0 .0 
3.861 - 9.075 18.4 2000.0 100.0 .0 
3.854 - 9.090 18.5 1180.0 99.9 .1 
3.844 - 9.492 18.6 600.0 99.0 .9 
3.843 - 9.622 18.7 425.0 95.3 3.7 
3.223 -11.477 18.8 261.6 74.7 20.6 
3.232 -11.736 18.8 160.4 40.6 34.1 
3.233 -11.418 18.8 112.8 25.5 15.1 
3.231 -11.406 18.8 84.3 16.3 9.2 
3.233 -11.369 18.8 64.6 13.2 3.1 
2.705 -13.448 18.9 50.2 11.2 2.0 
2.707 -13.939 18.9 39.0 9.9 1.3 
2.692 -13.393 18.9 30.3 9.0 .9 
2.706 -13.514 18.8 23.7 8.1 .9 
2.146 -14.466 18.8 18.5 7.3 .8 
2.145 -14.422 18.8 14.5 6.6 .7 
2.136 -14.579 18.8 11.4 5.7 .9 
2.143 -14.447 18.7 9.1 4.7 1.0 
1.660 -14.960 18.7 7.2 3.7 1.0 
1.656 -14.982 18.6 5.8 2.3 1.4 
1.650 -15.012 18.6 Pan - .2 2.5 
1.650 -14.980 18.6 
.993 -15.184 18.5 OBSERVED FLOW BEHAVIOUR 
.964 -15.388 18.5 Velocity Observation 
.951 -15.192 18.5 (m/s) (D = 46.0 mm) 
.942 -15.071 18.5 
.959 -14.730 18.4 
• 953 -15.322 18.4 
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DATA FILE BV40D78U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.78 
Solids Voluaetric Concentration (%) 46.99 
Solids Mass Concentration (%) 70.22 
Mean Slurry Temperature (·C) 19.6 
pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~_) 52.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(_/s) (kPa/m) ( ·C) Size (~-) % Passing % Retained 
4.055 -10.128 18.9 3350.0 100.0 .0 
4.061 -10.327 19.1 2000.0 100.0 .0 
4.086 -10.502 19.2 1180.0 99.9 .1 
4.095 -10.286 19.3 600.0 99.1 .8 
4.097 -10.468 19.4 425.0 95.4 3.7 
3.170 -12.350 19.6 261.6 70.7 24.7 
3.173 -12.006 19.7 160.4 34.9 35.8 
3.167 -12.040 19.7 112.8 23.2 11.7 
3.159 -11.903 19.7 84.3 15.1 8.1 
2.684 -12.891 19.8 64.6 12.9 2.2 
2.685 -12.754 19.8 50.2 11.8 1.1 
2.681 -12.811 19.9 39.0 10.7 1.1 
2.683 -12.981 19.9 30.3 9.8 .9 
2.151 -13.826 19.9 23.7 9.0 .8 
2.147 -13.817 19.8 18.5 8.3 .7 
2.160 -13.815 19.8 14.5 7.6 .7 
2.145 -13.769 19.8 11.4 6.6 1.0 
2.153 -13.692 19.8 9.1 5.4 1.2 
1.593 -14.572 19.7 7.2 4.4 1.0 
1.594 -14.726 19.7 5.8 2.8 1.6 
1.599 -14.205 19.7 Pan - .2 3.0 
1.594 -14.701 19.7 
1.593 -14.723 19.6 OBSERVED FLOW BEHAVIOUR 
1.589 -14.692 19.6 Velocity Observation 
1.156 -15.050 19.5 (m/s) (0 = 46.0 mm) 
1.129 -15.033 19.5 
1.175 -15.013 19.5 
1.166 -15.038 19.4 
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DATA FILE BV40D81U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.81 
Solids Voluaetric Concentration (%) 48.80 
Solids Mass Concentration (%) 71.71 
Mean Slurry Temperature (·C) 20.6 
Pipe Internal Diameter (am) 40.00 
Pipe Roughness (~m) 52.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (~.) % passing % Retained 
3.458 - 8.505 19.2 3350.0 100.0 .0 
3.458 - 8.712 19.4 2000.0 100.0 .0 
3.4711 - 8.441 19.5 1180.0 100.0 .0 
3.487 - 8.722 19.7 600.0 99.2 .8 
3.499 - 8.394 19.9 425.0 95.2 4.0 
3.175 - 9.452 20.2 261.6 68.3 26.9 
3 ~ 180 - 9.066 20.3 160.4 32.2 36.1 
3.1'/8 - 9.435 20.4 112.8 21.0 11.2 
3.178 - 9.423 20.5 84.3 13.1 7.9 
3.187 - 9.018 20.6 64.6 11.6 1.5 
2.615 -10.896 20.8 50.2 10.6 1.0 
2.592 -11.118 20.9 39.0 9.6 1.0 
2.616 -10.980 20.9 30.3 9.0 .6 
2.612 -10.919 21.0 23.7 8.4 .6 
2.086 -12.105 21.0 18.5 7.8 .6 
2.091 -12.020 21.1 14.5 7.2 .6 
2.101 -12.129 21.1 11.4 6.3 .9 
2.084 -12.315 21.1 9.1 5.3 1.0 
1.594 -13.407 21.1 7.2 4.4 .9 
1.578 -13.300 21.1 5.8 2.9 1.5 
1.575 -13.436 21.1 Pan .1 2.8 
1.568 -13.370 21.1 
1.573 -13.375 21.1 OBSERVED FLOW BEHAVIOUR 
1.025 -14.599 21.0 Velocity Observation 
.925 -14.520 21.0 (m/s) (0 = 46.0 mm) 
.890 -14.572 21.0 
.• 861 -14.596 21.0 
.865 -14.567 21.0 












Oata File: BV400B6U 
I I , I I I I 
DATA FILE BV40D86U 
Test Facility UeT 40 mm NB 
Test Date August 1990 
Material Description Blyvooruitsig eeT 
Material Relative Density 2.66 
Slurry Relative D~nsity 1.86 
Solids Volumetric Concentration (%) 51.81 
Solids Mass Concentration (%) 74.09 
Mean Slurry Temperature ('e) 23.0 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~m) 52.0 
Pipeline Slope Vertical Down 
2 ~ -




c • i 4'4 B '0- t- -• t. 
CD 
II -10 ~ -
t. 





-14 t- ilia -
-16 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 





Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( 'C) Size (~m) % Passing % Retained 
2.705 - 7.970 21.5 3350.0 100.0 .0 
2.731 - 7.400 21.8 2000.0 100.0 .0 
2.724 - 7.833 22.1 1180.0 99.9 .1 
2.739 - 8.103 22.3 600.0 99.2 .7 
2.728 - 7.686 22.5 425.0 95.1 4.1 
2.126 - 9.229 23.0 261.6 76.0 19.1 
2.119 - 9.255 23.1 160.4 43.6 32.4 
2.121 - 9.423 23.1 112.8 27.7 15.9 
2.123 - 9.482 23.2 84.3 17.9 9.8 
2.125 - 9.670 23.3 64.6 15.0 2.9 
1. !)04 -11.108 23.4 50.2 13.3 1.7 
1.481 -10.992 23.4 39.0 12.1 1.2 
1.492 -10.989 23.4 30.3 11.1 1.0 
1.516 -11.087 23.3 23.7 10.3 .8 
1.536 -11.058 23.3 18.5 9.6 .7 
.992 -12.816 23.4 14.5 8.8 .8 
.906 -12.523 23.4 11.4 7.7 1.1 
.834 -12.580 23.3 9.1 6.5 1.2 
.790 -12.702 23.3 7.2 5.5 1.0 
.770 -12.713 23.3 5.8 3.7 1.8 




.475 -13.902 23.3 
.380 -13.850 23.2 OBSERVED FLOW BEHAVIOUR 
.376 -13.759 23.2 Velocity Observation 
.347 -13.872 23.2 (m/s) (0 = 46.0 IBII) 
C 
4'4 70 • *·-425 ~ Malvern Particle Size Analyser • • 60 /l. 
• 50 CI • ~ 40 c • u 30 t. • Q. 20 
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1 10 100 1000 10000 











Data Fl1e : BV4IODB7U 
0 I I I I I I I 
DATA PILE BV40D87U 
Test Facility UCT 40 mm HB 
Test Date August 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.87 
Solids volu.etric concentration (\) 52.41 
Solids Mass concentration (t) 74.55 
Mean Slurry Teaperature (·C) 29.4 
Pipe Internal Diameter (am) 40.00 
Pipe Roughness (".) 52.0 
Pipeline Slope vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (I'm) t Passing t Retained 
1.754 - 7.291 26.0 3350.0 100.0 .0 
2.038 - 6.550 27.4 2000.0 100.0 .0 
2.039 - 6.488 27.7 1180.0 100.0 .0 
2.067 - 6.332 27.9 600.0 99.4 .6 
2.088 - 6.213 28.1 425.0 95.5 3.9 
1.773 - 7.898 28.7 261.6 68.7 26.8 
1.741 - 7.755 29.0 160.4 32.2 36.5 
1.747 - 7.499 29.3 112.8 22.9 9.3 
1.755 - 7.631 29.5 84.3 15.6 7.3 
2 I- -
e ,- 41 ~ -• Q. 
Jl .... 
6 ~ II -.., c • I ... 8 '0- I- -• • L (D 
• -10 ~ • -L ~ • • : -12 ~ -
L J' Q. 
-141 I- -
1.424 - 8.460 30.0 64.6 13.9 1.7 
1.403 - 8.692 30.2 50.2 13.1 .8 
1.390 - 8.613 30.2 39.0 12.2 .9 
1.376 - 8.766 30.2 30.3 11.5 .7 
1.384 - 8.897 30.1 23.7 10.8 .7 
-16 1 I I I I 1 
I 
.0 .15 1.0 1.15 2.0 2.15 3.0 3.15 41.0 
1.109 -10.248 30.0 18.5 10.1 .7 
1.106 -10.179 30.0 14.5 9.4 .7 
Mixture Velocity (m/a) > 
1.113 -10.094 30.0 11.4 8.4 1.0 
1.111 -10.136 30.0 9.1 7.1 1.3 
N 
0\ 
.771 -11.727 30.0 7.2 6.0 1.1 
.737 -11.632 29.9 . 5.8 4.0 2.0 
.733 -11.766 29.9 Pan .2 3.8 
100 
.743 -11.737 29.9 
.509 -12.767 29.8 OBSERVED FLOW BEHAVIOUR 90 
.485 -12.743 29.7 Velocity Observation 
.454 -12.966 29.7 (m/s) (D = .0 _) 80 
.448 -12.983 29.6 
.360 -13.363 29.6 
• 318 -13.572 29.5 
0 
c ... 70 • .:)39 -13.453 29.5 
.3;!3 -13.441 29.4 
.309 -13.553 29.3 . 
• • 60 Q. 
* -425 ". Malvern Particle Size Analyser • 150 0 • .., 410 c • u 3G L • Q. 2G 
10 
0 
1 10 100 1000 10000 











DATA FILE BV80H52U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.52 
Solids Volumetric Concentration (%) 31.33 
Solids Mass Concentration (%) 54.82 
Mean Slurry Temperature (·C) 16.1 
pipe Internal Diameter (mm) 73.40 
pipe Roughness (~) 87.0 
pipeline Slope Horizontal 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( 'C) Size (",m) % Passing % Retained 
3.426 2.465 15.4 2360.0 100.0 .0 
3.419 2.252 15.4 1180.0 99.7 .3 
3.425 2.511 15.5 600.0 97.6 2.1 
3.446 2.330 15.6 425.0 92.8 4.8 
2.953 1.869 15.8 261.6 66.7 26.1 
2.953 1. 724 15.8 160.4 29.2 37.5 
2.951 1. 791 15.9 112.8 17.0 12.2 
2.958 1. 723 15.9 84.3 8.5 8.5 
2.489 1. 376 16.0 64.6 7.1 1.4 
2.491 1.390 16.1 50.2 6.3 .8 
2.484 1.439 16.1 39.0 5.0 1.3 
1.987 1.110 16.2 30.3 4.6 .4 
1.997 .942 16.2 23.7 4.3 .3 
1.988 .909 16.2 18.5 3.8 .5 
1.991 .865 16.2 14.5 3.5 .3 
1.985 .830 16.2 11.4 3.1 .4 
1.988 .964 16.2 9.1 2.5 .6 
1.992 .975 16.3 7.2 2.0 .5 
1.452 .785 16.3 5.8 1.3 .7 
1.455 .910 16.3 Pan .0 1.3 
1.454 .922 16.3 
1.458 .767 16.3 OBSERVED FLOW BEHAVIOUR 
1.469 .875 16.3 Velocity Observation 
1.088 1.153 16.4 (m/s) (0 = 71.0 mm) 
1.108 .860 16.4 1.16 45% stationary bed 
1.115 1.221 16.4 1.54 ASym. - sliding particles 
·1.114 1.361 16.4 2.14 Asymmetric 
1.106 1.380 16.4 2.66 Appears homogeneous 
1.117 1.364 16.4 3.19 Appears homogeneous 
3.68 Appears homogeneous 



























































Data Fi Ie : BV80H52U 









1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
> 
N ...., 
10 100 1000 











DA~A FILE BV80H60U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.60 
Solids Volumetric Concentration (%) 36.14 
Solids Mass Concentration (%) 60.09 
Mean Slurry Teaperature ('C) 16.3 
Pipe Internal Diameter (mm) 73.40 
pipe Roughness (pa) 87.0 
Pipeline Slope Horizontal 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Sieve and Malvern Size Analysis * 
(a/s) (kPa/m) (' C) Size (,",a) % Passing % Retained 
3.424 2.575 15.9 2360.0 100.0 .0 
3.431 2.781 16.0 1180.0 99.9 .1 
3.424 2.548 16.1 600.0 98.8 1.1 
:1.411 2.722 16.1 425.0 90.7 8.1 
3.414 2.559 16.2 261.6 67.9 22.8 
2.917 1.973 16.3 160.4 33.1 34.8 
2.926 2.021 16.3 112.8 20.2 12.9 
2.927 1.988 16.3 84.3 12.7 7.5 
2.446 1.516 16.4 64.6 11.0 1.7 
2.451 1.519 16.4 50.2 9.7 1.3 
2.451 1.470 16.4 39.0 8.3 1.4 
1.981 1.232 16.4 30.3 7.7 .6 
1.980 .991 16.4 23.7 7.2 .5 
1.973 1.279 16.4 18.5 6.5 .7 
1.976 1.368 16.3 14.5 5.9 .6 
1.984 1.258 16.3 11.4 5.2 .7 
1.476 .748 16.3 9.1 4.3 .9 
1.474 .577 16.3 7.2 3.6 .7 
1.477 .489 16.3 5.8 2.4 1.2 
1.474 .928 16.3 Pan .2 2.2 
1.470 .645 16.3 
1.474 .538 16.3 OBSERVED FLOW BEHAVIOUR 
1.024 .873 16.2 Velocity Observation 
1.032 1.250 16.2 (m/s) ~D = 71.0 mm) 
1.032 1.028 16.2 1.09 25% Stationary bed 
1.030 1.028 16.2 1.58 Asym. - sliding particles 
1.027 1.409 16.2 2.14 AsYJllllletric 
1.028 1.361 16.2 2.63 ASYJllllletric 
1.024 1.625 16.2 3.15 Appears homogeneous 
1.020 1.531 16.2 3.68 Appears homogeneous 
1.oi3 1.668 16.2 
1.016 1.413 16.2 
* -425 ,",m Malvern Particle Size Analyser 
10 

















































Data File: BV80H60U 
I I -. I 
m 
I ~ m i 
I I I 
1.0 1.5 2.0 2.5 3.0 
Mixture Velocity (m/s) 
10 100 1000 






















DATA FILE BV80H70U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.70 
Solids Voluaetric Concentration (%) 42.17 
Solids Mass Concentration (%) 65.98 
Mean slurry Temperature (·C) 16.7 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~m) 87.0 
Pipeline Slope Horizontal 
Mixture Pressure Slurry Particle size Distribution 
Velocity Gradient Temp. Sieve and Malvern size Analysis * 
(m/s) (kPa/m) ( ·C) size (~m) % Passing % Retained 
3.424 3.020 16.1 2360.0 100.0 .0 
3.414 3.063 16.2 1180.0 99.9 .1 
3.421 3.085 16.2 600.0 99.0 .9 
3.424 2.954 16.3 425.0 93.6 5.4 
3.419 3.193 16.4 261.6 74.3 19.3 
2.975 2.467 16.6 160.4 33.9 40.4 
2.978 2.391 16.7 112.8 21. 7 12.2 
2.978 2.322 16.7 84.3 12.3 9.4 
2.988 2.470 16.7 64.6 10.7 1.6 
2.420 1.832 16.8 50.2 9.9 .8 
2.426 1.798 16.8 39.0 8.5 1.4 
2.420 1.834 16.9 30.3 7.8 .7 
1.970 1.408 16.9 23.7 7.3 .5 
1.971 1.577 16.9 18.5 6.6 .7 
1.970 1.381 16.9 14.5 5.9 .7 
1.965 1.146 16.9 11.4 5.2 .7 
1.964 1.790 16.9 9.1 4.3 .9 
1.965 1.504 16.9 7.2 3.6 .7 
1.968 1. 703 16.9 5.8 2.3 1.3 
1.966 1. 399 16.9 Pan .1 2.2 
1.475 1.181 16.9 
1.476 .908 16.9 OBSERVED FLOW BEHAVIOUR 
1.474 .771 16.9 Velocity Observation 
1.475 .933 16.8 (m/s) (0 = 71.0 mm) 
1.476 .724 16.8 1.09 35% stationary bed 
1.477 .475 16.8 1.58 Asymmetric sliding bed 
·1.477 .574 16.8 2.10 Asymmetric sliding bed 
1.038 .516 16.8 2.59 Asymmetric 
1.058 .649 16.8 3.19 Appears homogeneous 
1.054 .933 16.8 3.68 Appears homogeneous 
1.064 .701 16.8 
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Data Fi Ie : 8V80H70U 






i ~ I I I I I 
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DATA FILE BV80H75U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density : 2.66 
slurry Relative Density 1.75 
solids vo1uaetric Concentration (t) 45.18 
Solids Mass Concentration (t) 68.67 
Mean Slurry Teaperature C·C) 17.9 
pipe Internal Diameter (mm) 73.40 
Pipe Roughness (pa) 87.0 
Pipeline Slope Horizontal 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Sieve and Malvern Size Analysis * 
(m/s) CkPa/m) ( • C) Size (pa) t Passing t Retained 
3.402 3.033 17.3 2360.0 100.0 .0 
3.403 2.686 17.4 1180.0 99.9 .1 
3.412 2.894 17.4 600.0 99.0 .9 
3.409 3.236 17.5 425.0 92.3 6.7 
3.412 3.052 17.6 261.6 74.0 18.3 
2.941 2.420 17.a 160.4 35.3 38.7 
2.947 2.327 17.9 112.8 22.2 13.1 
2.945 2.348 17.9 84.3 12.8 9.4 
2.442 1.774 18.1 64.6 11.0 1.8 
2.437 1.894 18.1 50.2 9.9 1.1 
2.451 1.680 18.1 39.0 8.5 1.4 
2.444 1.856 18.1 30.3 7.9 .6 
1.971 1.231 18.1 23.7 7.3 .6 
1.975 1.306 18.1 18.5 6.6 .7 
1.976 1.348 18.1 14.5 6.1 .5 
1.512 1.067 18.1 11.4 5.4 .7 
1.538 1.767 18.1 9.1 4.4 1.0 
1.500 2.079 18.1 7.2 3.6 .8 
1.497 2.115 18.1 5.8 2.3 1.3 
1.499 2.006 18.1 Pan .0 2.3 
.996 2.292 18.0 
1.004 2.309 18.0 OBSERVED FLOW BERA VIOUR 
1.002 2.529 18.0 Velocity Observation 
1.006 2.242 17.9 (m/s) (0 = 71.0 _) 
1.05 15t stationary bed 
1.61 Asym. - sliding particles 
2.10 Asym - slid part + pulses 
2.63 Asym. - sliding particles 
3.19 Asymmetric with pulses 
3.68 Appears homogeneous 


























































Data File: BVBOH75U 




I I I 1 
1.0 1.5 2.0 2.5 3.0 
Mixture Velocity (m/s) 
10 100 1000 























DATA FILE BV80H83U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CcT 
Material Relative Density 2.66 
slurry Relative Density 1.83 
Solids voluaetric Concentration (') 50.00 
Solids Mass Concentration (') 72.68 
Mean Slurry Temperature (·C) 20.2 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~m) 87.0 
Pipeline Slope Horizontal 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(II/S) (kPa/m) ( ·C) size (~m) 'Passing % Retained 
3.425 4.575 18.9 2360.0 100.0 .0 
3.435 4.939 19.1 1180.0 99.9 .1 
3.436 4.159 19.2 600.0 99.2 .7 
3.447 4.734 19.4 425.0 95.1 4.1 
3.451 4.272 19.5 261.6 73.5 21.6 
2.916 3.762 20.1 160.4 35.4 38.1 
2.923 4.016 20.2 112.8 22.7 12.7 
2.925 3.744 20.2 84.3 14.1 8.6 
2.932 3.639 20.3 64.6 12.3 1.8 
2.433 3.124 20.5 50.2 11.1 1.2 
2.437 2.916 20.5 39.0 9.8 1.3 
2.439 3.302 20.6 30.3 9.2 .6 
1.955 2.769 20.6 23.7 8.5 .7 
1.948 2.725 20.6 18.5 7.7 .8 
1.945 2.511 20.6 14.5 7.1 .6 
1.950 2.627 20.6 11.4 6.3 .8 
1.503 2.240 20.6 9.1 5.2 1.1 
1.507 2.130 20.5 7.2 4.2 1.0 
1.504 2.206 20.5 5.8 2.7 1.5 
1.008 1.811 20.4 . Pan .0 2.7 
• 991 2.446 20.3 
.997 1.974 20.3 OBSERVED FLOW BEHAVIOUR 
.998 1.901 20.3 Velocity Observation 
1.001 1.9g3 20.3 (m/s) (D = 71.0 mm) 
1.011 1.972 20.2 1.05 Asymmetric slid particles 
1.020 2.011 20.2 1.61 Asymmetric slid particles 
·1.018 1.939 20.2 2.10 Appears homogeneous 
1.017 1.970 20.1 2.63 Appears homogeneous 
1.011 1.945 20.1 3.15 Appears homogeneous 
1.q12 2.044 20.1 3.71 Appears homogeneous 
1.024 1.924 20.1 
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Data File : BV80H83U 
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DATA FILE BV80H86U 
Test Facility UCT 80 am NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.86 
SOlids voluaetric Concentration (%) 51.81 
SOlids Mass Concentration (%) 74.09 
Mean Slurry Temperature (·C) 21.8 
Pipe Internal Diameter (am) 73.40 
Pipe Roughness (~m) 87.0 
Pipe nne Slope Horizontal 
Mixture Pressure Slurry Particle Size Distribution 
Ve10city Gradient Teap. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
3.080 5.898 20.4 2360.0 100.0 .0 
3.096 6.335 20.6 1180.0 99.9 .1 
3.108 6.107 20.6 600.0 99.0 .9 
3.119 5.942 21.0 425.0 89.7 9.3 
2.581 5.366 21.4 261.6 72.5 17.2 
2.597 5.325 21.5 160.4 36.3 36.2 
2.596 5.188 21.6 112.8 22.9 13.4 
2.606 5.113 21. 7 84.3 14.4 8.5 
2.244 4.540 22.0 64.6 12.2 2.2 
2.252 4.280 22.0 50.2 11.0 1.2 
2.250 4.692 22.1 39.0 9.7 1.3 
2.251 4.780 22.1 30.3 9.0 .7 
1.928 3.974 22.2 , 23.7 8.5 .5 
1.928 3.886 22.2 18.5 7.8 .7 
1.929 3.841 22.3 14.5 7.2 .6 
1.614 3.466 22.3 11.4 6.4 .8 
1.610 3.386 22.3 9.1 5.3 1.1 
1.611 3.386 22.3 7.2 4.2 1.1 
1.292 2.956 22.2 5.8 2.6 1.6 
1.291 2.973 22.2 Pan - .3 2.9 
1.283 2.910 22.2 
.967 2.569 22.1 OBSERVED FLOW BEHAVIOUR 
.955 2.556 22.0 Velocity Observation 
.934 2.622 22.0 (m/s) (D = 71. 0 mm) 
1.02 Appears homogeneous 
1. 37 Appears homogeneous 
1. 72 Appears homogeneous 
2.07 Appears homogeneous 
2.42 Appears homogeneous 
2.77 Appears homogeneous 
3.36 Appears homogeneous 






















































Data Fi Ie : BV80H86U 










I I I I 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 




10 100 1000 10000 
















Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry. Temperature ('C) 
Pipe Internal Diameter (ma) 
pipe Roughness (~) 
Pipeline Slope 












Mixture Pressure Slurry Particle Size Distribution 
Sieve and Malvern Size Analysis * Velocity Gradient Temp. 
(m/s) (kPa/m) (' C) Size (I'm) % Passing % Retained 
2.112 8.620 23.1 2360.0 100.0 .0 
2.135 8.262 23.4 1180.0 99.9 .1 
2.158 8.925 23.6 600.0 99.3 .6 
1.804 6.538 24.3 425.0 92.4 6.9 
1.808 7.310 24.4 261.6 72.4 20.0 
1.799 7.758 24.5 160.4 39.0 33.4 
1. 793 6.849 24.5 112.8 24.5 14.5 
1.468 4.847 24.7 84.3 15.4 9.1 
1.395 5.359 24.8 64.6 13.8 1.6 
1.364 5.264 24.9 50.2 12.4 1.4 
1.017 4.374 25.0 39.0 10.9 1.5 
.965 4.130 25.1 30.3 10.3 .6 
.930 4.174 25.1 23.7 9.7 .6 
18.5 9.0 .7 
14.5 8.4 .6 
11.4 7.5 .9 
9.1 6.2 1.3 
7.2 5.1 1.1 
5.8 3.3 1.8 
Pan - .1 3.4 
OBSERVED FLOW BEHAVIOUR 
Velocity Observation 
(m/s) (D = 71.0 ma) 
1.09 Appears homogeneous 
1.61 Appears homogeneous 
1.96 Appears homogeneous 
2.28 Appears homogeneous 


























































Data File: SVSOHS9U 
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Mixture Velocity (m/s) 
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Data File 8V80D52U 
DATA FILE BV80D52U 2 I I I I I . I I 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
0 I- -
Slurry Relative Density 1.52 
Solids Volumetric Concentration (t) 31.33 
E - 2 I- -
...... 
Solids Mass Concentration (t) 54.82 
Mean Slurry Temperature (·C) 16.1 
pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~m) 84.0 
Pipeline Slope vertical Down 
10 a. _ 
4 I- -
~ 




8 -u - I-
10 
t.. 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( • C) size (~) t Passing t Retained 
3.426 -12.114 15.4 2360.0 100.0 .0 (!) -10 - -
QI 
t.. 
3.419 -12.029 15.4 1180.0 99.7 .3 
3.425 -12.181 15.5 600.0 97.6 2.1 
:::J -12 - • -III Ell III [3 
QI -14 .. -t.. -
a. • B -16 I- -
3.446 -12.058 15.6 425.0 92.8 4.8 
2.953 -12.747 15.8 261.6 66.7 26.1 
2.953 -12.595 15.8 160.4 29.2 37.5 
2.951 -12.652 15.9 112.8 17.0 12.2 
2.958 -12.664 15.9 84.3 8.5 8.5 
2.489 -13.227 16.0 64.6 7.1 1.4 
2.491 -13.221 16.1 50.2 6.3 .8 
2.484 -13.207 16.1 39.0 5.0 1.3 
-18 I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
1.987 -13.809 16.2 30.3 4.6 .4 
1.997 -13.868 16.2 23.7 4.3 .3 
1.988 -13.840 16.2 18.5 3.8 .5 
1.991 -13.734 16.2 14.5 3.5 .3 
1.985 -13.785 16.2 11.4 3.1 .4 > . 
w 
~ 
1.988 -13.855 16.2 9.1 2.5 .6 
1.992 -13.823 16.3 7.2 2.0 .5 
1.452 -14.452 16.3 5.8 1.3 .7 
1.455 -14.387 16.3 Pan .0 1.3 100 
1.454 -14.434 16.3 
90 
80 
1.458 -14.415 16.3 OBSERVED FLOW BEHAVIOUR 
1.469 -14.41:'1 16.3 Velocity Observation 
1.088 -15.061 16.4 (m/s) (0 = .0 mm) 
1.108 -14.964 16.4 
01 
C .... 70 
1.115 -14.929 16.4 
·1.114 -14.959 16.4 
1.106 -14.946 16.4 III 
III 
10 60 1.117 -14.910 16.4 




~ 40 c 
QI 





1 10 100 1000 10000 











Data Fi le BVBOD60U 
DATA FILE BV80D60U 2 I I I I I I I 
Test Facility UCT 80 rom NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
0 r -
Slurry Relative Density 1.60 
Solids Volumetric concentration (t) 36.14 
e- 2 f- -
"-
Solids Mass Concentration (t) 60.09 
Mean slurry Teaperature (·C) 16.3 
Pipe Internal Diameter (rom) 73.40 
Pipe Roughness (~.) 84.0 
Pipeline Slope vertical Down 
10 
Cl. - 4 f- -
i:!. 
+' - 6 - -C 
Ql .... 
8 u - r -
10 
l. 
I.!l -10 r -
II) 
l. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (~II) t Passing t Retained 
3.424 -12.658 15.9 2360.0 100.0 .0 
3.431 -12.733 16.0 1180.0 99.9 .1 
3.424 -12.523 16.1 600.0 98.8 1.1 
::J -12 r- -
Ul • Ul II) 
C!I 
·m 
l. -14 f- -
Cl. II II 
-16 c- • -
3.411 -12.620 16.1 425.0 90.7 8.1 
3.414 -12.598 16.2 261.6 67.9 22.8 
2.917 -13.368 16.3 160.4 33.1 34.8 
2.926 -13.292 16.3 112.8 20.2 12.9 
2.927 -13.393 16.3 84.3 12.7 7.5 
2.446 -13.975 16.4 64.6 11.0 1.7 
2.451 -14.000 16.4 50.2 9.7 1.3 
2.451 -13.923 16.4 39.0 8.3 1.4 
-18 I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
1.981 -14.515 16.4 30.3 7.7 .6 
1.980 -14.485 16.4 23.7 7.2 .5 
1.973 -14.592 16.4 18.5 6.5 .7 
1.976 -14.607 16.3 14.5 5.9 .6 
1.984 -14.485 16.3 11.4 5.2 .7 > 
w 
VI 
1.476 -15.161 16.3 9.1 4.3 .9 
1.474 -15.092 16.3 7.2 3.6 .7 
1.477 -15.206 16.3 5.8 2.4 1.2 
1.474 -15.115 16.3 . Pan .2 2.2 100 
1.470 -15.211 16.3 
90 1.474 -14.962 16.3 OBSERVED FLOW BEHAVIOUR 1.024 -15.740 16.2 Velocity Observation 
80 
1.032 -15.563 16.2 (II/S) (0 = 71.0 rom) 
1.032 -15.688 16.2 
01 
C .... 70 
1.030 -15.705 16.2 
1.027 -15.609 16.2 




1;024 -15.672 16.2 
1.020 -15.600 16.2 
1.013 -15.448 16.2 
II) 50 
01 
• 1.016 -15.576 16.2 
10 
+' 40 c 
* -425 ~ Malvern Particle size Analyser 
II) 





1 10 100 1000 10000 











DATA FILE BV80D70U 
Test Facility UCT 80 rom NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.70 
Solids Voluaetric Concentration (\) 42.17 
Solids Mass Concentration (\) 65.98 
Mean Slurry Temperature (·C) 16.7 
Pipe Internal Diameter (am) 73.40 
pipe Roughness (~m) 84.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (~) \ Passing \ Retained 
3.424 -12.999 16.1 2360.0 100.0 .0 
3.414 -13.094 16.2 1180.0 99.9 .1 
3.421 -12.954 16.2 600.0 99.0 .9 
3.424 -12.741 16.3 425.0 93.6 5.4 
3.419 -13.000 16.4 261.6 74.3 19.3 
2.975 -13.665 16.6 160.4 33.9 40.4 
2.978 -13.694 16.7 112.8 21.7 12.2 
2.978 -13.795 16.7 84.3 12.3 9.4 
2.988 -13.727 16.7 64.6 10.7 1.6 
2.420 -14.422 16.8 50.2 9.9 .8 
2.426 -14.451 16.8 39.0 8.5 1.4 
2.420 -14.393 16.9 30.3 7.8 .7 
1.970 -15.238 16.9 23.7 7.3 .5 
1.971 -15.129 16.9 18.5 6.6 .7 
1.970 -15.156 16.9 14.5 5.9 .7 
1.965 -15.325 16.9 11.4 5.2 .7 
1.964 -15.252 16.9 9.1 4.3 .9 
1.965 -15.244 16.9 7.2 3.6 .7 
1.968 -15.503 16.9 5.8 2.3 1.3 
1.966 -15.119 16.9 Pan .1 2.2 
1.475 -15.771 16.9 
1.476 -15.631 16.9 OBSERVED FLOW BEHAVIOUR 
1.474 -15.635 16.9 Velocity Observation 
1.475 -15.417 16.8 (m/s) (D = 71.0 am) 
1.476 -15.724 16.8 
1.477 -15.852 16.8 
'1.477 -15.912 16.8 
1.038 -16.116 16.8 
1.058 -15.919 16.8 
1.054 -16.013 16.8 
,1.064 -15.780 16.8 




" to n. _ 
4 I-
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Data File : BVBOD70U 
I I T I I 
&I 
II I I 
I I I -' I 
1.0 1.5 2.0 2.5 3.0 
Mixture Veloc i ty (m/s) 
10 100 1000 



























Data File BV80D75U 
DATA FILE BV80D75U 2 I I I I I' T I 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
0 f- -
Slurry Relative Density 1.75 
Solids Volumetric Concentration (%) 45.18 
E - 2 - -
" Solids Mass Concentration (%) 68.67 
Mean Slurry Temperature (·C) 17.9 
Pipe Internal Diameter (mm) 73.40 
10 
11. - 4 - -
~ 
pipe Roughness (~m) 84.0 
Pipeline Slope Vertical Down +' - 6 - -C 
QJ .... 
8 -0- - -
10 
t. 
(!) -10 - -
QJ 
t. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( • C) Size (~m) % Passing % Retained 
3.402 -13.177 17.3 2360.0 100.0 .0 
3.403 -13.153 17.4 1180.0 99.9 .1 
3.412 -13.166 17.4 600.0 99.0 .9 
3.409 -13.265 17.5 425.0 92.3 6.7 :J -12 - -
Ul 
Ul II QJ 
t. -14 - til -
3.412 -13.130 17.6 261.6 74.0 18.3 
2.941 -14.085 17.8 160.4 35.3 38.7 




-16 - II -
2.945 -13.946 17.9 84.3 12.8 9.4 
2.442 -15.092 18.1 64.6 11.0 1.8 
2.437 -15.065 18.1 50.2 9.9 1.1 
2.451 -15.223 18.1 39.0 8.5 1.4 
-18 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.444 -15.053 18.1 30.3 7.9 .6 
1.971 -15.559 18.1 23.7 7.3 .6 
1.975 -15.672 18.1 18.5 6.6 .7 
1.976 -15.63'3 18.1 14.5 6.1 .5 
1.512 -15.857 18.1 11.4 5.4 .7 > 
w 
'-I 
1.538 -15.800 18.1 9.1 4.4 1.0 
1.500 -15.914 18.1 7.2 3.6 .8 
1.497 -15.862 18.1 5.8 2.3 1.3 
1.499 -15.739 18.1 Pan .0 2.3 100 
.996 -15.980 18.0 
90 1.004 -16.077 18.0 
OBSERVED FLOW BEHAVIOUR 
1.002 -16.115 18.0 Velocity Observation 













+' 40 c 
QJ 





1 10 100 1000 10000 











Data File : BVBOD79U 
DATA FILE BV80D79U 2 I I I T I I I 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
0 r- -
Slurry Relative Density 1.79 
SOlids voluaetric Concentration (%) 47.59 e- 2 - -" Solids Mass Concentration (%) 70.72 
Mean Slurry Teaperature (·C) 18.9 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (pm) 84.0 
Pipeline Slope Vertical Down 
CD n. _ 4 t- -.)/. 
.f..l - 6 - -c 
OJ .... 
B u - - -
CD 
L. 
(!) -10 t- -
OJ 
L. 
:J -12 r- -
,-----
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Teap. Sieve and Malvern Size Analysis * 
(ID/S) (kPa/a) ( ·C) Size (I'll) % Passing % Retained 
3.398 -13.919 18.1 2360.0 100.0 .0 
3.398 -13.694 18.3- 1180.0 99.9 .1 
3.412 -13.814 18.4 600.0 99.0 .9 
3.407 -13.887 18.5 425.0 92.2 6.8 
Ul 
Ul 
OJ -14 l- • -L. ID n. 
I 
-16 r- .. er m -
2.952 -14.446 18.7 261.6 70.2 22.0 
2.920 -14.452 18.8 160.4 34.1 36.1 
2.928 -14.359 18.9 112.8 20.9 13.2 
2.949 -14.561 18.9 84.3 12.9 8.0 
2.406 -15.049 19.0 64.6 11.0 1.9 
2.403 -15.240 19.1 50.2 9.7 1.3 
2.411 -15.405 19.1 39.0 8.5 1.2 
-1B I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.410 -15.320 19.1 30.3 7.9 .6 
2.412 -15.161 19.1 23.7 7.3 .6 
1.935 -15.652 19.1 18.5 6.6 .7 
1.936 -15.618 19.1 14.5 6.1 .5 
1.928 -J.5.694 19.1 11.4 5.5 .6 > 
IoN 
()O 
1.538 -16.019 19.1 9.1 4.5 1.0 
1.529 -16.001 19.1 7.2 3.7 .8 
1.533 -15.984 19.1 5.8 2.4 1.3 
100 1.537 -15.972 19.0 Pan .1 2.3 
1.008 -15.706 19.0 
90 1.017 -15.973 19.0 
OBSERVED FLOW BEHAVIOUR 
1.021 -15.980 18.9 Velocity Observation 
1.021 -16.019 18.9 (ID/S) CD = 71.0 mm) 
1.012 -15.862 18.9 BO 
01 
C .... 70 
1.023 -15.961 18.9 
·1.026 -15.981 18.9 
Ul 
Ul 
CD 60 n. 




.f..l 40 c 
OJ 
u 30 c.. 
OJ n. 20 
10 
0 
1 10 100 1000 10000 











Data Fi Ie BVBOD83U 
DATA FILE BV80D83U 2 I I T I I I r 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
0 I- -
Slurry Relative Density 1.83 
Solids volumetric concentration (%) 50.00 
e- 2 r- -
....... 
Solids Mass Concentration (%) 72.68 
Mean Slurry Temperature (·C) 20.2 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (,na) 84.0 
Pipeline Slope vertical Down 
10 a. _ 
4 I- -JL 




8 U - - -
10 
t.. 
(!) -10 t- -
III 
t.. 
::J -12 t- -
Ul • Ul III -14 II II t.. l- e! -a. II 
-16 l- • -~ 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. sieve and Malvern Size Analysis * 
(m/s) (kPa/m) ( ·C) Size (jAm) % Passing % Retained 
3.425 -12.640 18.9 2360.0 100.0 .0 
3.435 -12.505 19.1 1180.0 99.9 .1 
3.436 -12.534 19.2 600.0 99.2 .7 
3.447 -12.482 19.4 425.0 95.1 4.1 
3.451 -12.498 19.5 261.6 73.5 21.6 
2.916 -13 .642 20.1 160.4 35.4 38.1 
2.923 -13.433 20.2 112.8 22.7 12.7 
2.925 -13.439 20.2 84.3 14.1 8.6 
2.932 -13.526 20.3 64.6 12.3 1.8 
2.433 -14.192 20.5 50.2 11.1 1.2 
2.437 -14.174 20.5 39.0 9.8 • 1.3 
-18 I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.439 -14.204 20.6 30.3 9.2 .6 
1.955 -15.115 20.6 23.7 8.5 .7 
1.948 -14.967 20.6 18.5 7.7 .8 




1.950 -14.958 20.6 11.4 6.3 .8 
1.503 -15.389 20.6 9.1 5.2 1.1 
1.507 -15.316 20.5 7.2 4.2 1.0 
1.504 -15.327 20.5 5.8 2.7 1.5 
1.008 -15.665 20.4 Pan .0 2.7 100 
.991 -15.698 20.3 
90 .997 -15.655 20.3 
OBSERVED FLOW BEHAVIOUR 
.998 -16.451 20.3 Velocity Observation 
80 
1.001 -15.804 20.3 (II/S) (0 = 71.0 mm) 
1.011 -13.596 20.2 
01 
C .... 70 
Ul 
1.020 -13.689 20.2 
. 1. 018 -14.280 20.2 
1.017 -14.075 20.1 
Ul 
10 60 a. 
1.011 -13.572 20.1 
1.012 -16.932 20.1 
1.d24 -15.797 20.1 
III 50 
01 
10 * -425 jAm Malvern Particle Size Analyser 
.j.J 40 c 
OJ 





1 10 100 1000 10000 











DATA FILE BV80D86U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.86 
Solids voluaetric Concentration (\) 51.81 
Solids Mass Concentration (\) 74.09 
Mean Slurry T_perature (·C) 21.8 
pipe Internal Dialleter (mm) 73.40 
pipe Roughness (~.) 84.0 
Pipeline Slope vertical Down 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Tellp. Sieve and Malvern size Analysis * 
(II/S) (kPa/lI) ( • C) Size (~.)\. Passing \ Retained 
3.080 -10.386 20.4 2360.0 100.0 .0 
3.096 -10.555 20.6 1180.0 99.9 .1 
3.108 -10.495 20.6 600.0 99.0 .9 
3.119 -10.535 21.0 425.0 89.7 9.3 
2.581 -11.931 21.4 261.6 72.5 17.2 
2.597 -11.445 21.5 160.4 36.3 36.2 
2.596 -11.847 21.6 112.8 22.9 13.4 
2.606 -11.454 21. 7 84.3 14.4 8.5 
2.244 -12.513 22.0 64.6 12.2 2.2 
2.252 -12.400 22.0 50.2 11.0 1.2 
2.250 -12.605 22.1 39.0 9.7 1.3 
2.251 -12.539 22.1 30.3 9.0 .7 
1.928 -13.381 22.2 23.7 8.5 .5 
1.928 -13.234 22.2 18.5 7.8 .7 
1.929 -13.180 22.3 14.5 7.2 .6 
1.614 -14.159 22.3 11.4 6.4 .8 
1.610 -14.099 22.3 9.1 5.3 1.1 
1.611 -14.157 22.3 7.2 4.2 1.1 
1.292 -14.693 22.2 5.8 2.6 1.6 
1.291 -14.721 22.2 Pan - .3 2.9 
1.283 -14.775 22.2 
.967 -15.261 22.1 OBSERVED FLOW BEHAVIOUR 
.955 -15.341 22.0 Velocity observation 
.934 -15.270 22.0 (II/S) (D = 71.0 mm) 
* -425 ~ Malvern Particle Size Analyser 
2 
0 l-



































.j.J 40 c 
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Data File BV80D86U 
I I I I 
• 
a 
I I I I I 
1.0 1.5 2.0 2.5 3.0 
Mixture Veloc i ty (m/s} 
10 100 1000 


























DATA PILE BV80D89U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Blyvooruitsig CCT 
Material Relative Density 2.66 
Slurry Relative Density 1.89 
Solids Volumetric Concentration (%) 53.61 
solids Mass Concentration ( %) 75.46 
Mean Slurry Temperature (OC) 24.4 
Pipe Internal Diameter (rom) 73.40 
Pipe Roughness (~m) 84.0 


















































Particle size Distribution 
sieve and Malvern Size Analysis * 
size (~m) % passing % Retained 
2360.0 100.0 .0 
1180.0 99.9 .1 
600.0 99.3 .6 
425.0 92.4 6.9 
261.6 72.4 20.0 
160.4 39.0 33.4 
112.8 24.5 14.5 
84.3 15~4 9.1 
64.6 13.8 1.6 
50.2 12.4 1.4 
39.0 10.9 1.5 
30.3 10.3 .6 
23.7 9.7 .6 
18.5 9.0 .7 
14.5 8.4 .6 
11.4 7.5 .9 
9.1 6.2 1.3 
7.2 5.1 1.1 
5.8 3.3 1.8 
Pan .1 3.4 




" 10 a. _ 
4 r-
~ 
~ - 6 r-
c 
QI ..... 


























~ 40 c 
QI 






Data File BV80D89U 













I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
:> 
~ .... 
10 100 1000 10000 











DATA FILE £025H55U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CcT 
Material Relative Density 2.65 
Slurry Relative Density 1.55 
Solids Volumetric Concentration (t) 33.33 
Solids Mass Concentration (t) 56.99 
Mean Slurry Teaperature (·C) 18.1 
Pipe Internal D1ameter (mm) 26.60 
Pipe Roughness (~a) 21.0 
Pipeline Slope Horizontal 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) 'Passing' Retained 
2.483 4.458 16.1 564.0 100.0 .0 
2.448 4.340 17.4 261.6 94.4 5.6 
2.462 4.356 17.4 160.4 55.5 38.9 
2.464 4.387 17.4 112.8 23.3 32.2 
3.063 6.095 17.6 84.3 12.6 10.7 
3.068 6.140 17.6 64.6 9.4 3.2 
3.079 6.148 17.7 50.2 6.2 3.2 
3.455 7.331 17.9 39.0 4.8 1.4 
3.451 7.307 17.9 30.3 4.4 .4 
3.319 6.879 17.9 23.7 4.0 .4 
3.265 6.694 18.0 18.5 3.6 .4 
3.375 7.051 18.0 14.5 3.3 .3 
3.951 9.061 18.2 11.4 3.0 .3 
3.937 9.012 18.2 9.1 2.5 .5 
3.944 8.958 18.3 7.2 2.0 .5 
1.555 2.138 18.5 5.8 1.3 .7 
1.557 2.145 18.5 Pan - .0 1.3 
1.544 2.125 18.5 
1.879 2.764 18.4 OBSERVED FLOW BEHAVIOUR 
1.875 2.780 18.4 Velocity Observation 
1.901 2.804 18.4 (m/s) (D = .0 mm) 
2.199 . 3.454 18.4 
2.200 3.520 18.4 
2.193 3.542 18.4 
2.542 4.420 18.4 
2.545 4.452 18.4 
2.548 4.388 18.4 
·2.866 5.286 18.4 
2.864 5.299 18.4 




" ., 11. 14 
~ 
+I 12 
c ., .... 
10 'D ., 
t. 
(!) 8 ., 
t. 










c .... 70 ., ., ., 60 
11. ., 50 
CI ., 
+I 40 c ., 






I!I -.. .. 
1.0 1.5 2.0 2.5 3.0 
M1xture Veloc1ty (m/s) 
10 100 1000 













Data File: ED25H66U 
DATA F~LE ED25H66U 20 I I I I I T I 
Test Facility UCT 25 rom HB 
Test Date June 1990 
Material Description East Driefontein CCT 
18 t- -
Material Relative Density 2.65 
Slurry Relative Density 1.66 
Solids voluaetric Concentration (t) 40.00 
Solids Mass Concentration (t) 63.86 
Mean slurry Temperature (·C) 18.6 
Pipe Internal Diameter (rom) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Horizontal 
e 16 t- -
" III Il 14 ~ -
~ 
~ 12 - -c: 
II ... 
10 'tI I"" -
III 
t. 
(!) 8 I- -
Mixture Pressure Slurry particle size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(a/s) (kPa/m) ( ·C) Size (~m) t Passing t Retained 
2.743 4.546 18.0 564.0 100.0 .0 





3.016 5.172 18.2 112.8 25.8 29.4 
3.022 5.242 18.2 84.3 13.5 12.3 
3.013 5.327 18.3 64.6 10.0 3.5 
3.177 5.796 18.4 50.2 6.9 3.1 
3.182 5.702 18.4 39.0 5.8 1.1 
3.194 5.934 18.5 30.3 5.3 .5 
3.344 6.726 18.7 23.7 4.7 .6 
0 I I I I 
I I I 
3.354 6.743 18.8 18.5 4.4 .3 
3.374 6.864 18.8 14.5 4.1 .3 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.~ 4.0 
Mixture Velocity (m/s) 
> 
1.139 2.260 18.8 11.4 3.6 .5 
1.152 2.275 18.8 9.1 3.1 .5 
1.161 2.265 18.8 7.2 2.6 .5 
1.496 2.416 18.8 5.8 1.7 .9 
1.501 2.427 18.8 Pan .0 1.7 ~ 
1.502 2.441 18.8 w 
1.786 2.722 18.8 OBSERVED FLOW BEHAVIOUR 
1. 784 2.764 18.8 Velocity Observation 100 
1.784 2.803 18.8 (m/s) (0 = .0 mm) 
90 2.096 3.374 18.7 2.095 3.368 18.7 
80 
01 
c: ... 70 
2.092 3.391 18.7 
2.398 3.831 18.7 
2.391 3.815 18.7 
. 2.397 3.823 18.7 ., ., 
III 60 
Il 
2.453 3.891 18.7 
2.448 3.864 18.7 
2.4,46 3.875 18.7 




'2.772 4.555 18.7 
2.774 4.643 18.7 
~ 40 c: ., 




1 10 100 1000 10000 











Data File: ED25H69U 
DATA FILE ED25H69U 20 I I I I I I I 
Test Facility ueT 25 mm HB 
Test Date June 1990 
Material Description East Driefontein eeT 
Material Relative Density 2.65 
18 r- -
Slurry Relative Density 1.69 
solids Volumetric Concentration (%) 41.82 e 16 r- -....... 
Solids Mass Concentration (%) 65.57 
Mean slurry Temperature (·e) 19.0 
pipe Internal Diameter (am) 26.60 
pipe Roughness (~m) 21.0 
Pipeline Slope Horizontal 
.. 
tL 14 _. -
~ 
~. 12 - -c .. 
4'1 
10 -'D -.. 
E-
Mixture Pressure Slurry particle Size Distribution 
velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) 'Passing' Retained 
" 8 - .-II 
E- li 
::J 6 - • -.. • • .. 4 - • -E-tL II • 2 - -
3.744 7.628 17.7 564.0 100.0 .0 
3.737 7.507 17.9 261~6 93.6 6.4 
3.763 7.562 18.0 160.4 58.1 35.5 
3.787 7.709 18.1 112.8 27.6 30.5 
3.807 7.664 18.2 84.3 15.2 12.4 
3.361 6.685 18.5 64.6 12.1 3.1 
3.336 6.724 18.5 50.2 8.7 3.4 
3.336 6.719 18.6 39.0 7.2 1.5 
2.984 6.067 19.0 30.3 6.8 .4 
2.962 5.964 19.0 23.7 6.3 .5 
2.976 5.912 19.0 18.5 5.6 .7 
0 I 1 I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/a) 
> . 
2.507 4.845 19.2 l4.5 5.2 .4 
2.503 4.777 19.2 11.4 4.7 .5 
2.505 4.893 19.3 9.1 3.9 .8 
2.520 4.816 19.3 7.2 3.2 .7 
2.528 4.949 19.3 5.8 2.0 1.2 
2.086 4.030 19.4 Pan - .1 2.1 .po 
2.081 4.090 19.4 .po 
2.077 4.266 19.5 OBSERVED FLOW BEHAVIOUR 
2.077 4.162 19.5 Velocity Observation 100 
1.664 3.212 19.6 (m/s) (D = .0 am) 
90 1.663 3.219 19.6 1.660 3.319 19.5 
1.232 2.674 19.5 




1.208 2.631 19.5 
·1.208 2.680 19.5 
• • .. 60 
tL .. 50 
01 .. 
~ 40 c .. 




1 10 100 1000 10000 











DATA FILE ED25H75U 
Data File: ED25H75U 
20 
I I I I I I I 
Test Facility UCT 25 mm HB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
18 I- -
Slurry Relative Density 1.75 
SOlids Voluaetric Concentration (%) 45.45 E 16 ~ -....... 
Solids Mass Concentration (%) 68.83 
Mean Slurry Teaperature (·C) 24.2 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (pa) 21.0 
Pipeline Slope Horizontal 
III 
Q. 14 ~ -
~ 
~ 12 r -




Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/m) ( ·C) Size (I'a) % Passing % Retained 
t!I 8 l- II -
• t. Ell 
:J 6 ~ -
3.321 9.061 23.4 564.0 100.0 .0 
3.323 8.792 23.4 261.6 92.2 7.8 
3.336 9.019 23.5 160.4 55.4 36.8 
3.337 9.031 23.5 112.8 28.7 26.7 
II • .. • 4 • -t. I- m Q. 
2.931 7.847 23.8 84.3 16.9 11.8 
2.919 7.853 23.9 64.6 14.8 2.1 
2.923 7.879 24.0 50.2 11.4 3.4 
2.930 7.928 24.0 39.0 9.7 1.7 
2 I- -2.523 6.551 24.3 30.3 9.4 .3 2.520 6.606 24.3 23.7 8.8 .6 
2.521 6.462 24.4 18.5 1.9 .9 
0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/e) > 
2.066 5.330 24.5 14.5 7.4 .5 
2.072 5.396 24.5 11.4 6.7 .7 
2.080 5.225 24.6 9.1 5.7 1.0 
2.091 5.357 24.6 7.2 4.7 1.0 
1.679 4.189 24.6 5.8 3.0 1.7 
~ 
VI 
1.655 4.180 24.7 Pan - .1 3.1 
1.639 4.224 24.7 
1.352 3.540 24.7 OBSERVED FLOW BEHAVIOUR 
100 1.345 3.600 24.7 Velocity Observation 












~ 40 c: 
u 





1 10 100 1000 10000 











Data File: ED25H79U 
DATA FILE £025H79U 20 I I I I I I I 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
18 - -
Slurry Relative Density 1.79 
Solids Voluaetric Concentration (') 47.88 
'" 16 r- -E 
"-
Solids Mass Concentration (') 70.88 
Mean Slurry Temperature ('C) 24.6 
Pipe Internal Diameter (mm) 26.60 
pipe Roughness (pm) 21.0 
Pipeline Slope Horizontal 
., 
Q. i.e l- I -Jl -.. 
.f.J 12 r-
(I 
-c ., .... 
10 -1::1 r-., 
t. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (pm) % Passing % Retained 
CD 8 r- -., 
III • t. :::J 6 r -., ., ., 
4 I- -t. 
Q. 
2.950 14.064 24.4 564.0 100.0 .0 
2.952 13.753 24.4 261.6 93.0 7.0 
2.966 13.626 24.4 160.4 57.0 36.0 
2.978 13.332 24.4 112.8 29.0 28.0 
2.547 11.472 24.4 84.3 18.4 10.6 
2.549 10.996 24.4 64.6 15.5 2.9 
2.544 11. 270 24.4 50.2 12.1 3.4 
2.091 8.742 24.6 39.0 10.6 1.5 
2 r -2.099 8.823 24.6 30.3 10.2 .4 2.113 8.833 24.6 23.7 9.6 .6 
2.123 8.546 24.6 18.5 8.8 .8 
0 I I I I I I J 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
1.615 6.985 24.7 14.5 8.2 .6 
1.605 6.944 24.7 11.4 7.5 .7 
1.591 7.074 24.8 9.1 6.4 1.1 
1.612 6.917 24.8 7.2 5.4 1.0 
1.353 6.236 24.8 5.8 3.5 1.9 > 
1.316 6.452 24.8 Pan .0 3.5 +"-
1.303 6.360 24.8 a-





C .... 70 ., ., ., 60 
Q. ., 50 
DI ., 
.f.J 40 c ., 




1 10 100 1000 10000 











Data File : ED25D55U 
0 
I I I I I I I 
DATA FILE 8025D55U 
Test Facility UCT 25 mm NB 
Test Date June 1990 - 2 f- -
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.55 
Solids Volumetric Concentration (%) 33.33 
Solids Mass Concentration (%) 56.99 
Mean Slurry Temperature ('C) 18.1 




pipe Internal Diameter (am) 26.60 
Pipe Roughness (~II) 21.0 
Pipeline Slope vertical Down 
- 6 -- -~ 
c 
~ III .... - 8 -'C r-
IO II l. 
I!l I!I -10 I- -III r¥ l. 
:J a UJ 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(II/S) (kPa/lI) ( 'C) Size (I'm) % Passing % Retained 
2.483 -10.675 16.1 564.0 100.0 .0 
2.448 -10.711 17.4 261.6 94.4 5.6 
2.462 -10.673 17.4 160.4 55.5 38.9 
2.464 -10.704 17.4 112.8 23.3 32.2 





3.063 - 8.850 17.6 84.3 12.6 10.7 
3.068 - 8.711 17.6 64.6 9.4 3.2 
3.079 - 8.748 17.7 50.2 6.2 3.2 
3.455 - 7.251 17.9 39.0 4.8 1.4 
3.451 - 7.363 17.9 30.3 4.4 .4 
3.319 - 7.875 17.9 23.7 4.0 .4 
3.265 - 8.054 18.0 18.5 3.6 .4 
-16 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
> 
3.375 - 7.709 18.0 14.5 3.3 .3 
3.951 - 5.331 18.2 11.4 3.0 .3 
3.937 - 5.415 18.2 9.1 2.5 .5 
3.944 - 5.409 18.3 7.2 2.0 .5 
1.555 -13.240 18.5 5.8 1.3 .7 
1.557 -13.187 18.5 Pan - .0 1.3 .po 
1.544 -13.222 18.5 -..J 
1.879 -12.336 18.4 OBSERVED FLOW BEHAVIOUR 
1.875 -12.314 18.4 Velocity Observation 100 
1.901 -12.291 18.4 (m/s) (0 = .0 11m) 
90 2.199 -11.357 18.4 2.200 -11.365 18.4 
80 
01 
C .... 70 
2.193 -11.382 18.4 
2.542 -10.400 18.4 
2.545 -10.390 18.4 
-2.548 -10.429 18.4 
UJ 
UJ 
10 60 a. 
2 •. 866 - 9.631 18.4 
2.864 - 9.686 18.4 




~ 40 c 
III 





1 10 100 1000 10000 











Data File : ED25D66U 
0 I I I I I I I 
DATA FILE £025D66U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
slurry Relative Density 1.66 
Solids voluaetric Concentration (%) 40.00 
Solids MaSS Concentration (%) 63.86 
Mean slurry Temperature (·C) 18.7 
Pipe Internal Diameter (am) 26.60 
pipe Roughness (~m) 21.0 
Pipeline Slope Vertical Down 
- 2 t- -








- 8 -'tI -
II ea-L. (!) 
-10 - I!I -UI m L. 
:l [jI 
Ul 
Ul -12 - -UI m 
L. m Q. 
-14 - m -
B 
Mixture Pressure slurry particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(a/s) (kPa/m) ( ·C) size (~m) % Passing % Retained 
3.016 - 9.682 18.2 564.0 100.0 .0 
3.022 - 9.730 18.2 261.6 91.9 8.1 
3.013 - 9.685 18.3 160.4 55.2 36.7 
3.177 - 9.269 18.4 112.8 25.8 29.4 
3.182 - 9.235 18.4 84.3 13.5 12.3 
3.194 - 9.237 18.5 64.6 10.0 3.5 
3.344 - 8.705 18.7 50.2 6.9 3.1 
3.354 - 8.804 18.8 39.0 5.8 1.1 
3.374 - 8.843 18.8 30.3 5.3 .5 
1.139 -14.415 18.8 23.7 4.7 .6 
1.152 -14.404 18.8 18.5 4.4 .3 
-16 1 I I I I I 
I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
1.161 -14.385 18.8 14.5 4.1 .3 
1.496 -13.692 18.8 11.4 3.6 .5 
1.501 -13.708 18.8 9.1 3.1 .5 
Mixture Velocity (m/s) 
> 
1.502 -13.716 18.8 7.2 2.6 .5 
1.786 -13.022 18.8 5.8 1.7 .9 
1.784 -13.040 18.8 Pan .0 1.7 .po 
1.784 -13.054 18.8 ()O 
2.096 -12.292 18.7 OBSERVED FLOW BEHAVIOUR 
100 2.095 -12.270 18.7 Velocity Observation 
2.092 -12.282 18.7 (a/s) (D = .0 am) 
90 2.398 -11. 292 18.7 2.391 -11. 288 18.7 
2.397 -11. 288 18.7 
2.453 -11.107 18.7 80 
DI 
C .... 70 
2.448 -11.097 18.7 
·2.446 -11.104 18.7 




2.772 -10.412 18.7 




4J 40 c 
UI 





1 10 100 1000 10000 











Data File : ED25D69U 
0 
I I I I I I I 
DATA FILE 8025069U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.69 
Solids Volumetric concentration (%) 41.82 
Solids Mass concentration (%) 65.57 
Mean Slurry Temperature (·C) 19.0 
pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~.) 21.0 
Pipeline Slope vertical Down 
2 ~ -
E 
'-- 4 I- -10 
11. 
~ 








Q) -10 l- • -t. ::J 




-14 I- III -
Mixture pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
3.744 - 5.925 17.7 564.0 100.0 .0 
3.737 - 5.821 17.9 261.6 93.6 6.4 
3.763 - 6.385 18.0 160.4 58.1 35.5 
3.787 - 6.130 18.1 112.8 27.6 30.5 
3.807 - 5.975 18.2 84.3 15.2 12.4 
3.361 - 7.551 18.5 64.6 12.1 3.1 
3.336 - 7.497 18.5 50.2 8.7 3.4 
3.336 - 7.474 18.6 39.0 7.2 1.5 
2.984 - 9.082 19.0 30.3 6.8 .4 
2.962 - 8.865 19.0 23.7 6.3 .5 
2.976 - 8.904 19.0 18.5 5.6 .7 
-16 I I I I I I I 
.. 0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.507 -10.263 19.2 .14.5 5.2 .4 
2.503 -10.473 19.2 11.4 4.7 .5 
2.505 -10.262 19.3 9.1 3.9 .8 
Mixture Velocity (m/s) > 
2.520 -10.421 19.3 7.2 3.2 .7 
2.528 -10.294 19.3 5.8 2.0 1.2 
2.086 -1l.647 19.4 Pan - .1 2.1 -I='-
2.081 -1l.786 19.4 IQ 
2.077 -11. 725 19.5 OBSERVED FLOW BEHAVIOUR 
100 2.077 -1l.657 19.5 velocity Observation 
1.664 -12.815 19.6 (m/s) (0 = .0 _) 
90 1.663 -12.788 19.6 1.660 -12.799 19.5 
1.232 -13.973 19.5 
1.212 -13.929 19.5 80 
01 
C .... 70 
1.208 -13.945 19.5 








+' 40 c 
Q) 





1 10 100 1000 10000 











DATA FILE BD25D75U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.75 
Solids Volumetric Concentration (\) 45.45 
Solids Mass Concentration (\) 68.83 
Mean Slurry Teaperature (OC) 24.2 
pipe Internal Diaaeter (am) 26.60 
pipe Roughness (~) 21.0 
pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/a) ( ° C) Size ("a) \ Passing \ Retained 
3.321 - 6.641 23.4 564.0 100.0 .0 
3.323 - 6.522 23.4 261.6 92.2 7.8 
3.336 - 6.391 23.5 160.4 55.4 36.8 
3.337 - 6.471 23.5 112.8 28.7 26.7 
2.931 - 8.230 23.8 84.3 16.9 11.8 
2.919 - 8.174 23.9 64.6 14.8 2.1 
2.923 - 8.097 24.0 50.2 11.4 3.4 
2.930 - 7.952 24.0 39.0 9.7 1.7 
2.523 - 9.675 24.3 30.3 9.4 .3 
2.520 - 9.655 24.3 23.7 8.8 .6 
2.521 - 9.712 24.4 18.5 7.9 .9 
2.066 -10.978 24.5 14.5 7.4 .5 
2.072 -11.102 24.5 11.4 6.7 .7 
2.080 -11.154 24.6 9.1 5.7 1.0 
2.091 -11.128 24.6 7.2 4.7 1.0 
1.679 -12.328 24.6 5.8 3.0 1.7 
1.655 -12.443 24.7 Pan - .1 3.1 
1.639 -12.190 24.7 
1.352 -13.134 24.7 OBSERVED FLOW BEHAVIOUR 
1. 345 -13.065 24.7 Velocity Observation 











I DATA FILE ED25D79U 0 Data Fi le : ED25D79U I I r I I I I 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.79 
Solids Voluaetric Concentration (%) 47.88 
Solids Mass Concentration (%) 70.88 
Mean Slurry Temperature (·C) 24 .• 6 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope vertical Down 
- 2 t- -
E ,- 4 t- -m 
a. i ?! 
- 6 t- -
.t.J I c 
QJ .... 
- 8 u t- -
m 
L. • (!) 
QJ -10 I- -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
2.950 - 4.518 24.4 564.0 100.0 .0 
2.952 - 4.562 24.4 261.6 93.0 7.0 
L. 
::J • VI VI -12 l- ii! -QJ 
L. 
a. 
2.966 - 5.131 24.4 160.4 57.0 36.0 
2.978 - 4.902 24 •. 4 112.8 29.0 28.0 
2.547 - 6.639 24.4 84.3 18.4 10.6 
2.549 - 6.529 24.4 64.6 15.5 2.9 
2.544 - 6.754 24.4 50.2 12.1 3.4 
2.091 - 9.268 24.6 39.0 10.6 1.5 
-14 t- -2.099 - 9.239 24.6 30.3 10.2 .4 
2.113 - 9.123 24.6 23.7 9.6 .6 
2.123 - 9.157 24.6 .18.5 8.8 .8 
-16 I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
1.615 -11.211 24.7 14.5 8.2 .6 
1.605 -11.269 24.7 11.4 7.5 .7 
1. 591 -11.360 24.8 9.1 6.4 1.1 
Mixture Velocity (m/s) > . 1.612 -11.468 24.8 7.2 5.4 1.0 1.353 -12.236 24.8 5.8 3.5 1.9 
1.316 -12.362 24.8 Pan .0 3.5 Ion 
1.303 -12.152 24.8 I-' 





C .... 70 
VI 
VI 




.t.J 40 c 
QJ 
















DATA FILE ED25U55U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.55 
Solids Voluaetric concentration (%) 33.33 
Solids Mass concentration (%) 56.99 
Mean Slurry Temperature (·C) 1B.1 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Vertical up 
Mixture Pressure slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle size Analyser 
(m/s) (kPa/m) ( ·C) size (~m) % Passing % Retained 
2.4B3 19.676 16.1 564.0 100.0 .0 
2.44B 19.642 17.4 261.6 94.4 5.6 
2.462 19.637 17.4 160.4 55.5 3B.9 
2.464 19.650 17.4 112.B 23.3 32.2 
3.063 21.610 17.6 B4.3 12.6 10.7 
3.06B 21.667 17.6 64.6 9.4 3.2 
3.079 21.671 17.7 50.2 6.2 3.2 
3.455 23.16B 17.9 39.0 4.B 1.4 
3.451 23.003 17.9 30.3 4.4 .4 
3.319 22.521 17.9 23.7 4.0 .4 
3.265 22.365 1B.0 1B.5 3.6 .4 
3.375 22.692 1B.0 14.5 3.3 .3 
3.951 25.136 1B.2 11.4 3.0 .3 
3.937 24.952 1B.2 9.1 2.5 .5 
3.944 25.096 1B.3 7.2 2.0 .5 
1.555 17.139 1B.5 5.B 1.3 .7 
1.557 17.140 1B.5 Pan - .0 1.3 
1.544 17.149 1B.5 
1.879 17.B06 1B.4 OBSERVED FLOW BEHAVIOUR 
1.875 17.B20 1B.4 Velocity Observation 
1.901 17.BOO 1B.4 (m/s) (D = .0 mm) 
2.199 1B.615 1B.4 
2.200 1B.615 1B.4 
2.193 1B.620 1B.4 
2.542 19.633 1B.4 
2.545 19.61B 1B.4 
2.548 19.640 1B.4 
2.866 20.63B 1B.4 
2.864 20.606 1B.4 









c ., 26 
ort 
" III 24 L 
(!) ., 22 
L 
:::J 
II 20 ., ., 









ort 70. ., 
II 
III 60 
Q. ., 50 
01 
III 
~ 40 c ., 









1.0 1.5 2.0 2.5 3.0 
M1xture Veloc1ty (m/s) 
10 100 1000 
















Data File ED25U66U 
I I I I I I 
DATA FILE ED25U66U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
34 I- -
Slurry Relative Density 1.66 
Solids volumetric concentration (t) 40.00 e 32 I- -
"-




Solids Mass Concentration (t) 63.86 
Mean Slurry Temperature (·C) 18.6 
pipe Internal Diameter (am) 26.60 
pipe Roughness (~m) 21.0 
pipeline Slope vertical Up 
C ., 26 - -.... 
'D 
II 24 - -t. 
(!) • ., 22 I- m8 -t. 
:::J 
20 • ., ~ ... -., II ., 
t. 18 ~ I!I II -B-
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) t passing t Retained 
2.743 20.628 18.0 564.0 100.0 .0 
2.721 20.606 18.0 261.6 91.9 8.1 
2.705 20.652 18.1 160.4 55.2 36.7 
3.016 21.437 18.2 112.8 25.8 29.4 
3.022 21.503 18.2 84.3 13.5 12.3 
3.013 21.516 18.3 64.6 10.0 3.5 
3.177 22.205 18.4 50.2 6.9 3.1 
3.182 22.109 18.4 39.0 5.8 1.1 
3.194 22.175 18.5 30.3 5.3 .5 
16 ~ -3.344 22.997 18.7 23.7 4.7 .6 3.354 22.943 18.8 18.5 4.4 .3 
14 I I I 
I I I I 3.374 22.865 18.8 14.5 4.1 .3 
1.139 17.868 18.8 11.4 3.6 .5 
1.152 17.872 18.8 9.1 3.1 .5 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 




1.161 17.897 18.8 7.2 2.6 .5 
1.496 18.159 18.8 5.8 1.7 .9 
1.501 18.125 18.8 Pan .0 1.7 
1.502 18.134 18.8 
2.096 19.229 18.7 OBSERVED FLOW BEHAVIOUR 
100 2.095 19.179 18.7 Velocity Observation 
2.092 19.251 18.7 (m/s) (D = .0 am) 
90 2.398 19.720 18.7 2.391 19.734 18.7 
2.397 19.740 18.7 
80 
CI 
c .... 70 
2.453 19.650 18.7 
2.448 19.648 18.7 
·2.446 19.657 18.7 
2.778 20.779 18.7 ., ., 
II 60 
B-
2.772 20.684 18.7 




.tJ 40 c ., 




1 10 100 1000 10000 











DATA FILE ED25U69U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Data File: ED25U69U 
36 I I I I T I I 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
34 ~ -
slurry Relative Density 1.69 
Solids voluaetric Concentration (t) 41.82 e 32 - -
Solids Mass Concentration (t) 65.57 
Mean Slurry Temperature (·C) 19.0 
Pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~.) 21.0 
Pipeline Slope Vertical Up 




C • 26 - -... 
'D C-• 24 -L 
C9 (I 
• 22 - • -L • :::J • 20 - .. -• II • • L 18 - -Q. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient TelDp. Malvern Particle Size Analyser 
(m/s) (kPa/lD) ( ·C) size (~ID) t Passing t Retained 
3.744 24.345 17.7 564.0 100.0 .0 
3.737 23.983 17.9 261.6 93.6 6.4 
3.763 23.919 18.0 160.4 58.1 35.5 
3.787 24.755 18.1 112.8 27.6 30.5 
3.807 23.799 18.2 84.3 15.2 12.4 
3.361 23.284 18.5 64.6 12.1 3.1 
3.336 22.919 18.5 50.2 8.7 3.4 
3.336 22.817 18.6 39.0 7.2 1.5 
2.984 22.020 19.0 30.3 6.8 .4 
16 ~ -2.962 22.053 19.0 23.7 6.3 .5 
2.976 22.149 19.0 18.5 5.6 .7 
14 I I I I I I I 
2.507 21. 234 19.2 14.5 5.2 .4 
2.503 21.073 19.2 11.4 4.7 .5 
2.505 21.269 19.3 9.1 3.9 .8 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) > . 2.520 20.821 19.3 7.2 3.2 .7 2.528 21.046 19.3 5.8 2.0 1.2 
U1 
~ 
2.086 20.014 19.4 Pan - .1 2.1 
2.081 20.067 19.4 
2.077 20.014 19.5 OBSERVED FLOW BEHAVIOUR 
100 2.077 19.964 19.5 Velocity Observation 
1.664 19.051 19.6 (ID/S) (D = .0 mm) 
90 1.663 19.232 19.6 1.660 19.048 19.5 
1.232 18.350 19.5 
1.212 18.524 19.5 80 
III 
C ... 70 1.208 18.493 19.5 ·1.208 18.342 19.5 • • • 60 Q. 
• 50 III • .tJ 40 c • u 30 L • Q. 20 
10 
0 
1 "- 10 100 1000 10000 
















Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Temperature (·C) 
Pipe Internal Diameter (rom) 
Pipe Roughness (~m) 
Pipeline Slope 
Pressure Slurry 













Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
( • C) (m/s) (kPa/m) Size (~m) % Passing % Retained 
3.321 25.385 23.4 564.0 100.0 .0 
3.323 24.978 23.4 261.6 92.2 7.8 
3.336 25.440 23.5 160.4 55.4 36.8 
3.337 25.387 23.5 112.8 28.7 26.7 
2.931 23.714 23.8 84.3 16.9 11.8 
2.919 23.943 23.9 64.6 14.8 2.1 
2.923 23.965 24.0 50.2 11.4 3.4 
2.930 23.918 24.0 39.0 9.7 1.7 
2.523 22.472 24.3 30.3 9.4 .3 
2.520 22.423 2·4.3 23.7 8.8 .6 
2.521 22.378 24.4 18.5 7.9 .9 
2.066 21. 580 24.5 14.5 7.4 .5 
2.072 21. 222 24.5 11.4 6.7 .7 
2.080 21.594 24.6 9.1 5.7 1.0 
2.091 21. 655 24.6 7.2 4.7 1.0 
1.679 20.155 24.6 5.8 3.0 1.7 
1. 655 20.198 24.7 Pan - .1 3.1 
1. 639 20.558 24.7 
1. 352 19.893 24.7 OBSERVED FLOW BEHAVIOUR 
1. 345 20.002 24.7 Velocity observation 
1. 354 19.771 24.7 (m/s) (0 = .0 rom) 
Data File: ED25U75U 
36 I I I I I I 
34 I- -
e 32 I- -
....... ., 




C ., 26 I- -.... g 'tI ., 
24 I- m -t. 
(!) ., 22 ... II -
t. fJ 




14 I I I ~ I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 







C .... 70 ., ., ., 60 
Q. ., 50 at ., 
.aJ 40 c ., 





1 10 100 1000 10000 












Data File: ED25U79U 
I I I I I I I 
DATA PILE ED25U79U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
341 roo -
E 32 roo -
....... • 30 i-Q. -
JI. - I 28 i- -.tI 
II c • 26 - -ort 
'D • • 241 t. - -
Slurry Relative Density 1.79 
Solids Voluaetric Concentration (%) 47.88 
Solids Mass concentration (%) 70.88 
Mean Slurry Temperature (·C) 24.6 
Pipe Internal Diameter (ma) 26.60 
Pipe Roughness (pm) 21.0 
Pipeline Slope Vertical Up 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
2.950 28.236 24.4 564.0 100.0 .'0 
(!) • • 22 - .. -t. 2.952 28.526 24.4 261.6 93.0 7.0 2.966 28.222 24.4 160.4 57.0 36.0 2.978 27.582 24.4 112.8 29.0 28.0 
:J 
20 • roo -• • 
2.547 26.807 24.4 84.3 18.4 10.6 
2.549 26.901 24.4 64.6 15.5 2.9 
2.544 27.047 24.4 50.2 12.1 3.4 
t. 18 roo -Q. 2.091 24.911 24.6 39.0 10.6 1.5 2.099 24.863 24.6 30.3 10.2 .4 
16 I- -2.113 24.725 24.6 
23.7 9.6 .6 
2.123 24.819 24.6 18.5 8.8 .8 
1.615 22.950 24.7 14.5 8.2 .6 
1.605 23.011 24.7 11.4 7.5 .7 141 1 I I I J I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 41.0 
Mixture Velocity (m/s) 
1.591 22.894 24.8 9.1 6.4 1.1 
1.612 22.870 24.8 7.2 5.4 1.0 
1.353 22.316 24.8 5.8 3.5 1.9 
1.316 22.358 24.8 Pan .0 3.5 > . 
VI 1.303 22.547 24.8 






ort 70 • • • 60 Q. 
• 50 01 • .tI 410 c • u 30 t. • Q. 20 
10 
0 
1 10 100 1000 10000 











Data Flle : ED4IOH69U 
DATA FILE ED40H69U 
141 I I I I -1 I I 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
12 fo- -
Slurry Relative Density 1.69 
Solids Voluaetric concentration (t) 41.82 
Solids Mass Concentration (t) 65.57 
Mean Slurry Temperature (·C) 23.3 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (pm) 52.0 
Pipeline Slope Horizontal 
Ii , 
• 10 I- -n. 
Jl .... 
~ 
I c 8 fo-• .... 
'C [?J • t. 6 I- -(9 
• I t. II :l • 41 ... -• ~ • t. ftr n. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( • C) Size (pm) t Passing t Retained 
3.942 7.535 23.5 564.0 100.0 .0 
3.646 6.743 23.5 261.6 91.8 8.2 
3.957 7.383 23.5 160.4 57.6 34.2 
3.963 7.947 23.5 112.8 27.1 30.5 
3.961 8.058 23.6 84.3 15.9 11.2 
3.251 5.459 23.6 64.6 12.0 3.9 
3.233 5.120 23.6 50.2 8.1 3.9 
3.252 5.019 23.5 39.0 7.0 1.1 
2 ... -3.221 5.323 23.5 30.3 6.5 .5 2.479 3.671 23.3 23.7 5.8 .7 
2.452 3.456 23.2 18.5 5.3 .5 
2.942 4.463 23.2 14.5 4.9 .4 
0 I I I I 
I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 41.0 
Mixture Velocity (m/s) > 
VI 
2.953 4.497 23.2 11.4 4.3 .6 
2.951 4.722 23.1 9.1 3.6 .7 
2.175 2.803 23.0 7.2 3.0 .6 
2.112 3.016 23.0 5.8 1.9 1.1 
2.115 2.866 22.9 Pan - .0 1.9 
2.107 2.605 22.9 .... 
OBSERVED FLOW BEHAVIOUR 
100 Velocity Observation 
(m/s) (0 = 46.0 mm) 
90 1.64 Asymmetric - slid particles 1.89 Asymmetric 
80 
01 
2.45 Appears homogeneous 
3.02 Appears homogeneous 
C .... 70 • • • 60 n. 
• 50 01 • ~ 410 c • u 30 t. • n. 20 
10 
0 
1 10 100 1000 10000 











Data F11a : ED40H72U 
14 I I I I I I I DATA FILE ED40H72U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
12 ~ -
E 
...... • 10 ~ -11. 
Jl .... 
~ 
8 c ~ -
Slurry Relative Density 1.72 
SOlids voluaetric Concentration (%) 43.64 
Solids Mass Concentration (%) 67.23 
Mean Slurry Temperature (·C) 23.8 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (pa) 52.0 
Pipeline Slope Horizontal 
• ... 
'C • rII L 6 ~ C!) -
• I L 
" ::l • 4 - -• .. • L 
11.. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) (·C) size .(#£m) % Passing % Retained 
3.733 6.354 23.6 564.0 100.0 .0 
3.736 6.351 23.6 261.6 92.9 7.1 
3.772 6.361 23.7 160.4 59.7 33.2 
3.784 6.591 23.8 112.8 32.0 27.7 
3.211 5.399 24.1 84.3 18.3 13.7 
3.204 5.387 24.1 64.6 15.0 3.3 
3.208 5.161 24.1 50.2 11.5 3.5 
3.213 5.212 24.1 39.0 10.0 1.5 
2 ~ -2.667 4.249 24.1 30.3 9.5 .5 2.654 4.621 24.1 23.7 8.7 .8 
2.653 4.418 24.1 18.5 8.1 .6 
0 I I I I I I I 
.0 .5 1.0 1.~ 2.0 2.5 3.0 3.5 4.0 
M1xture Veloc1ty (m/s) > . 
V1 
2.660 4.387 24.1 14.5 7.6 .5 
2.168 3.347 23.9 11.4 6.8 .8 
2.174 3.452 23.9 9.1 5.7 1.1 
2.124 3.488 23.9 7.2 4.7 1.0 
2.138 3.530 23.8 5.8 3.0. 1.7 
1.603 2.658 23.7 Pan - .1 3.1 
1.601 2.606 23.6 00 
1.534 2.487 23.6 OBSERVED FLOW BEHAVIOUR 
100 1.048 2.083 23.4 Velocity Observation 
1.022 2.386 23.4 (a/s) (D = 46.0 mm) 
90 1.014 2.447 23.3 .83 35% sliding bed .993 2.458 23.2 1.24 Asymmetric-slid particles 
80 
III 
C ... 70 
1.68 Asymmetric-slid particles 
2.05 Asymmetric 
2.45 Appears homogeneous 
2.86 Appears homogeneous 
• • • 60 11. 





1 10 100 1000 10000 











Data F1le : ED40H75U 
DATA FILE £040H75U 
14 
I I 1 I I I I 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
12 t- -
Slurry Relative Density 1.75 
Solids Voluaetric concentration (%) 45.45 
Solids Mass concentration (%) 68.83 
Mean Slurry Tellperature ('C) 23.2 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~II) 52.0 
Pipeline Slope Horizontal 
E 
" ., 10 t- -11. 
~ 
<IJ 
C 8 l- I -., ... 
'tI ., 
L 6 l- I -(!J 
"-
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient T~. Malvern Particle Size Analyser 
(II/S) (kPa/lI) ( 'C) Size (~II) % Passing % Retained 
3.291 7.370 22.4 564.0 100.0 .0 
3.298 7.827 22.6 261.6 93.1 6.9 ., • L :::1 ., 4 t- -., 
I ., L 
11. 
3.312 7.735 22.7 160.4 59.1 34.0 
3.313 7.514 22.8 112.8 29.2 29.9 
3.334 7.555 23.0 84.3 17.6 11.6 
2.711 6.111 23.3 64.6 14.2 3.4 
2.704 6.237 23.3 50.2 10.3 3.9 
2.697 5.977 23.4 39.0 9.1 1.2 
2 - -2.704 6.078 23.4 30.3 8.7 .4 2.132 4.956 23.5 23.7 7.9 .8 
2.120 4.895 23.5 18.5 7.3 .6 
2.148 4.914 23.5 14.5 6.9 .4 
0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 > 
M1xture VelDc1ty (m/e) . 
U1 
\0 
2.148 4.934 23.5 11.4 6.2 .7 
1.615 3.391 23.4 9.1 5.3 .9 
1.604 3.391 23.4 7.2 4.5 .8 
1.613 3.460 23.4 5.8 3.0 1.5 
1.614 3.235 23.3 Pan .2 2.8 
1.031 2.472 23.2 
1.021 2.429 23.2 OBSERVED FLOW BEHAVIOUR 
100 1.016 2.401 23.1 Velocity Observation 
.969 2.401 23.1 (II/S) (D = 46.0 mm) 
90 .79 Asymmetric-slid particles 1.24 Asymmetric-slid particles 




2.09 Appears hOllogeneous 
2.50 Appears hOllogeneous ... 70 ., ., ., 60 
11. ., 50 
CI ., 
<IJ 40 c ., 




1 10 100 1000 10000 











Data File: E040H79U 
DATA PILE ED40H7~U 
141 I I I I I I I 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
12 - -
Slurry Relative Density 1.79 
SOlids Voluaetric Concentration (%) 47.88 
Solids Mass Concentration (%) 70.88 
Mean Slurry Temperature (·C) 23.7 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~.) 52.0 
Pipeline Slope Horizontal 
.... 
E ..... • 10 - -Il. 
JI. --
.... 
8 • c - -• ... 
" •t. 6 - ,,~ -(!) 
Mixture Pressure Slurry Particle Size Di.stribution 
Velocity Gradient Telllp. Malvern Particle Size Analyser 
(III/S) ()CPa/m) ( ·C) Size (~m) % Passing % Retained 
2.691 10.893 22.6 564.0 100.0 .0 




~ • II 41 - -II 
II 
~ t. Il. 
2.720 10.834 23.1 160.4 59.1 35.1 
2.726 10.512 23.3 112.8 29.2 29.9 
2.720 10.736 23.4 84.3 17.2 12.0 
2.136 8.169 23.9 64.6 13.5 3.7 
2.147 8.111 23.9 50.2 9.9 3.6 
2.155 8.120 24.0 39.0 8.9 1.0 
2 f- -2.148 8.025 24.0 30.3 8.4 .5 1.585 6.031 24.1 23.7 7.6 .8 
1.589 6.018 24.1 18.5 7.1 .5 
1.725 6.029 24.1 14.5 6.7 .4 
0 I I I I I I I 
1.601 6.087 24.1 11.4 6.0 .7 
1.591 5.814 24.0 9.1 5.1 .9 
1.076 4.174 24.0 7.2 4.3 .8 .0 .!S 1.0 1.!S 2.0 2.!s 3.0 3.!S 41.0 
M1xture Veloc1ty (m/e) > 
a-
0 
1.056 4.296 24.0 5.8 2.8 1.5 
1.048 4.255 23.9 Pan .0 2.8 
1.037 4.207 23.9 
.593 4.215 23.8 OBSERVED FLOW BEHAVIOUR 
100 .604 3.279 23.7 velocity Observation 
.596 3.043 23.7 (a/s) (0 '" 46.0 111m) 
90 
.595 3.006 23.7 .42 Appears homogeneous 
.565 2.917 23.6 .83 Appears homogeneous 




.520 2.816 23.5 1.64 Appears homogeneous 
.507 2.798 23.5 2.05 Appears homogeneous ... 70 
II 
II • 60 Il. 
II !SO at • .... 410 c 
II 





1 10 100 1000 10000 











Data File: ED40H82U 
14 
I I I I I I I DATA PILE ED40H82U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
12 l- I -
E 
"'-., 10 ~ -Il. 
~ 
.., • c 8 - -
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.82 
Solids Voluaetric Concentration (') 49.70 
Solids Mass concentration (') 72.36 
Mean Slurry Teaperature (·C) 26.7 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~m) 52.0 
Pipeline Slope Horizontal ., 
4'4 
" • ., t. 6 - -" ., • t. 
::J ., 4 - 'til -., U 
t. 
Il. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Tellp. Malvern Particle Size Analyser 
(II/S) (kPa/a) (. C) Size (~) , Passing , Retained 
2.205 11.577 25.7 564.0 100.0 .0 
2.208 11.804 25.9 261.6 92.2 7.8 
2.209 11. 694 26.0 160.4 59.0 33.2 
2.205 11. 594 26.2 112.8 29.4 29.6 
2.206 11.797 26.3 84.3 17.3 12.1 
1.723 8.555 26.6 64.6 13.7 3.6 
1.708 8.649 26.8 50.2 10.0 3.7 
1.706 8.670 26.8 39.0 9.0 1.0 
2 - -1. 702 8.596 26.8 30.3 8.6 .4 1. 704 8.660 26.9 23.7 7.8 .8 
1. 708 8.542 26.9 18.5 7.3 .5 
1.256 6.643 26.9 14.5 6.9 .4 
0 I I I I 
I I I 1.243 6.748 27.0 11.4 6.2 .7 
1.218 6.624 27.0 9.1 5.3 .9 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
M1xture Velocity (m/a) > 
Q\ 
1.211 6.669 26.9 7.2 4.5 .8 
1.202 6.618 26.9 5.8 3.0 1.5 
.828 5.328 26.9 Pan .1 2.9 
.809 5.331 26.8 ..... 
.811 5.367 26.8 OBSERVED FLOW BEHAVIOUR 
100 .798 5.266 26.8 Velocity Observation 
.396 3.645 26.7 (II/S) (0 = 46.0 mm) 
90 .364 3.565 26.7 .67 
Appears hOllogeneous 
.345 3.662 26.7 .99 Appears homogeneous 
.305 3.769 26.7 1. 32 Appears hoaogeneous 
1.68 Appears hoaogeneous 80 
CI 
C 
4'4 70 ., ., ., 60 
Il. ., 50 at ., .., 
40 c ., 




1 10 100 1000 10000 











DATA FILE £040H87U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.87 
Solids Volumetric concentration (') 52.73 
solids Mass COncentration (') 74.72 
Mean Slurry Teaperature (·C) 30.0 
pipe Internal Diameter (am) 40.00 
pipe Roughness (~a) 52.0 

















































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (~m) 'Passing' Retained 
564.0 100.0 .0 
261.6 92.9 7.1 











































112.8 31.7 27.4 
84.3 17.9 13.8 
64.6 14.7 3.2 
50.2 11.7 3.0 
39.0 10.2 1.5 
30.3 9.6 .6 
23.7 8.9 .7 
18.5 8.3 .6 
14.5 7.8 .5 
11.4 7.1 .7 
9.1 6.1 1.0 
7.2 5.1 1.0 
5.8 3.3 1.8 
Pan -.1 3.4 
OBSERVED FLOW BEHAVIOUR 
Velocity Observation 
(a/s) (0 = 46.0 mm) 
.22 Appears homogeneous 
.42 Appears homogeneous 
.71 Appears homogeneous 




E ..... • 10 ~ 11. 
~ 
..., 
c B ~ • 4'4 
'tJ • c.. 
l!) 6 ~ 
u 
c.. 










4'4 70 • • • 60 11. 
u 50 






Data File : ED40HB7U 








I I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/e) > 
0'> 
N 
10 100 1000 10000 











DATA FILE ED40D69U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.69 
SOlids Volumetric concentration (%) 41.82 
Solids Mass Concentration (%) 65.57 
Mean Slurry Temperature ('C) 23.3 
pipe Internal Diaaeter (mm) 40.00 
Pipe Roughness (~a) 52.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( • C) Size (~II) % Passing % Retained 
3.942 - 8.904 23.5 564.0 100.0 .0 
3.646 - 9.479 23.5 261.6 91.8 8.2 
3.957 - 8.505 23.5 160.4 !l7.6 34.2 
3.963 - 8.501 23.5 112.8 27.1 30.5 
3.961 - 8.522 23.6 84.3 15.9 11.2 
3.251 -11.376 23.6 64 .• 6 12.0 3.9 
3.233 -10.958 23.6 50.2 8.1 3.9 
3.252 -11.339 23.5 39.0 7.0 1.1 
3.221 -11. 204 23.5 30.3 6.5 .5 
2.479 -14.033 23.3 23.7 5.8 .7 
2.452 -13.670 23.2 18.5 5.3 .5 
2.295 -14.502 23.2 14.5 4.9 .4 
2.942 -11.915 23.2 11.4 4.3 .6 
2.953 -12.169 23.2 9.1 3.6 .7 
2.951 -12.087 23.1 7.2 3.0 .6 
2.175 -14.673 23.0 5.8 1.9 1.1 
2.112 -14.719 23.0 Pan - .0 1.9 
2.115 -14.558 22.9 
2.107 -14.667 22.9 OBSERVED FLOW BEHAVIOUR 
o 
2 .. 





















or4 70 • • • 60 Go 




.!S 1.0 1.!S 2.0 2.!S 3.0 
Mixture Velocity (m/e) 
10 100 1000 













DATA FILE BD40D72U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.72 
Solids Voluaetric Concentration (%) 43.64 
Solids Mass Concentration (%) 67.23 
Mean Slurry Teaperature ('C) 23.8 
Pipe Internal Diaaeter (mm) 40.00 
pipe Roughness (~) 52.0 
Pipeline Slope vertical Down 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(m/s) (kPa/a) ( ·C) Size ("a) % Passing % Retained 
3.733 -11. 242 23.6 564.0 100.0 .0 
3.736 -11.337 23.6 261.6 92.9 7.1 
3.772 -11.047 23.7 160.4 59.7 33.2 
3.784 -11.453 23.8 112.8 32.0 27.7 
3.211 -12.489 24.1 84.3 18.3 13.7 
3.204 -12.488 24.1 64.6 15.0 3.3 
3.208 -12.176 24.1 50.2 11.5 3.5 
3.213 -12.551 24.1 39.0 10.0 1.5 
2.667 -13.237 24.1 30.3 9.5 .5 
2.654 -13.295 24.1 23.7 8.7 .8 
2.653 -13.428 24.1 18.5 8.1 .6 
2.660 -13.330 24.1 14.5 7.6 .5 
2.168 -14.262 23.9 11.4 6.8 .8 
2.174 -14.012 23.9 9.1 5.7 1.1 
2.124 -14.216 23.9 7.2 4.7 1.0 
2.138 -14.004 23.8 5.8 3.0 1.7 
1.603 -14.773 23.7 Pan - .1 3.1 
1.601 -14.886 23.6 
1.534 -14.969 23.6 OBSERVED FLOW BEHAVIOUR 
1.048 -15.393 23.4 Velocity Observation 
1.022 -15.323 23.4 (a/s) (D = 46.0 mm) 
1.014 -15.306 23.3 















:::J • : -12 
i 
-14 
Data File ED40D72U 
• 






C .... 70 a 
a • 60 IL 




.5 1.0 1.5 2.0 2.5 3.0 
Mixture Velocity (m/s) 
10 100 1000 













DATA FILE 8040D75U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.75 
Solids Volumetric Concentration (%) 45.45 
Solids Mass Concentration (%) 68.83 
Mean Slurry Temperature (·C) 23.2 
Pipe Internal Diameter (mm) 40.00 
pipe Roughness (~m) 52.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(a/s) (kPa/m) (·C) Size (~m) % Passing % Retained 
3.291 -10.135 22.4 564.0 100.0 .0 
3.298 -10.404 22.6 261.6 93.1 6.9 
3.312 -10.212 22.7 160.4 59.1 34.0 
3.313 -10.658 22.8 112.8 29.2 29.9 
3.334 -10.426 23.0 84.3 17.6 11.6 
2.711 -11.775 23.3 64.6 14.2 3.4 
2.704 -11.675 23.3 50.2 10.3 3.9 
2.697 -11.442 23.4 39.0 9.1 1.2 
2.704 -11.692 23.4 30.3 8.7 .4 
2.132 -12.695 23.5 23.7 7.9 .8 
2.120 -12.566 23.5 18.5 7.3 .6 
2.148 -12.519 23.5 14.5 6.9 .4 
2.148 -12.632 23.5 11.4 6.2 .7 
1.615 -14.081 23.4 9.1 5.3 .9 
1.604 -13.999 23.4 7.2 4.5 .8 
1.613 -13.875 23.4 5.8 3.0 1.5 
1.614 -13.999 23.3 Pan .2 2.8 
1.031 -14.858 23.2 
1.021 -14.883 23.2 OBSERVED FLOW BEHAVIOUR 
1.016 -14.881 23.1 Velocity Observation 
.969 -14.958 23.1 (a/s) (0 = 46.0 am) 
0 
2 l-
















Data F1le : ED40D75U 





• -i -• • -iii 
-16~----~1----~1----L-1----~1----~1----~1----~1----~ 
.0 .5 1.0 1.5 2.0 2.!5 3.0 3.5 4.0 






.t 70 .. .. .. 60 
Il. ., 50 
0 
II 
+' 40 c ., 





1 10 100 1000 











Data File: ED40D79U 
0 I I I I I I I 
DATA PILE ED40D79U 
2 roo -
e ,- 4 roo -II n. 
~ 
6 f- -.... 
c ., 
Test Facility UCT 40 mm MB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.79 
SOlids Volumetric Concentration (\) 47.88 
Solids Mass Concentration (\) 70.88 
Mean Slurry Temperature ('C) 23.7 
Pipe Internal Diameter (am) 40.00 
Pipe Roughness (~m) 52.0 
Pipeline Slope Vertical Down 
.... 




., -10 r- -
c.. 
:::J ., 
: -12 r- 13 -
c.. .13 n. 
'it -14 r- • -
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(a/s) (kPa/lI) (' C) Size (~m) \ Passing \ Retained 
2.691 - 9.949 22.6 564.0 100.0 .0 
2.718 -10.220 22.9 261.6 94.2 5.8 
2.720 -10.083 23.1 160.4 59.1 35.1 
2.726 -10.240 23.3 112.8 29.2 29.9 
2.720 - 9.965 23.4 84.3 17.2 12.0 
2.136 -11.371 23.9 64.6 13.5 3.7 
2.147 -11. 431 23.9 50.2 9.9 3.6 
2.155 -11.466 24.0 39.0 8.9 1.0 
2.148 -11.707 24.0 30.3 8.4 .5 
1.585 -12.710 24.1 23.7 7.6 .8 
-16 
.13 I I I • • I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/a) 
1.589 -12.736 24.1 18.5 7.1 .5 
1. 725 -12.600 24.1 14.5 6.7 .4 
1.601 -12.646 24.1 11.4 6.0 .7 
1.591 -12.802 24.0 9.1 5.1 .9 
1.076 -13.969 24.0 7.2 4.3 .8 
1.056 -13.956 24.0 5.8 2.8 1.5 > 
'" '" 
1.048 -13.995 23.9 Pan .0 2.8 
1.037 -13.933 23.9 
.593 -l2.029 23.8 OBSERVED FLOW BEHAVIOUR 
100 .604 -15.421 23.7 Velocity Observation 
.596 -14.434 23.7 (m/s) (D = 46.0 am) 




.529 -13.551 23.6 
.520 -13.568 23.5 
.507 -13.398 23.5 .... 70 ., ., ., 60 n. ., 50 
III 
II .... 40 c ., 




1 10 100 1000 10000 











DATA PILE ED40D82U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.82 
Solids Volumetric Concentration (t) 49.70 
Solids Mass Concentration (t) 72.36 
Mean Slurry Teaperature ('C) 26.7 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~m) 52.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( • C) Size (~m) t Passing t Retained 
2.205 - 8.485 25.7 564.0 100.0 .0 
2.208 - 8.385 25.9 261.6 92.2 7.8 
2.209 - 8.677 26.0 160.4 59.0 33.2 
2.205 - 8.621 26.2 112.8 29.4 29.6 
2.206 - 8.551 26.3 84.3 17.3 12.1 
1.723 - 9.698 26.6 64.6 13.7 3.6 
1. 708 -10.101 26.8 50.2 10.0 3.7 
1.706 -10.212 26.8 39.0 9.0 1.0 
1. 702 -10.115 26.8 30.3 8.6 .4 
1.704 -10.112 26.9 23.7 7.8 .8 
1.708 -10.073 26.9 18.5 7.3 .5 
1.256 -11.480 26.9 14.5 6.9 .4 
1.243 -11.418 27.0 11.4 6.2 .7 
1.218 -11.352 27.0 9.1 5.3 .9 
1.211 -11.588 26.9 7.2 4.5 .8 
1.202 -11.653 26.9 5.8 3.0 1.5 
.828 -13.021 26.9 Pan .1 2.9 
.809 -13.007 26.8 
.811 -13.013 26.8 OBSERVED FLOW BEHAVIOUR 
.798 -13.108 26.8 Velocity Observation 
.396 -14.609 26.7 (m/s) (0 = 46.0 mm) 
.364 -14.543 26.7 
.345 -14.461 26.7 




















Data File: ED40D82U 
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Data File: EDBOH59A 
DATA FILE ED80H59A 10 I I I I I I I 
Test Facility UCT 80 mm MB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
9 r- -
Slurry Relative Density 1.59 
Solids Volumetric Concentration (%) 35.76 e B I- -" Solids Mass Concentration (%) 59.60 
Mean Slurry Temperature (·C) 17.3 
Pipe Internal Diameter (mm) 73.40 
pipe Roughness (pm) 84.0 
Pipeline Slope Horizontal 
10 
Il 7 I- -
~ 
~ 6 - -c: 
QI .... 
5 'D - -
III 
t.. 








II 2 - ~ -t.. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (I'm) % Passing % Retained 
3.447 2.603 17.0 564.0 100.0 .0 
3.475 2.862 17.1 261.6 93.1 6.9 
3.478 2.730 17.3 160.4 57.8 35.3 
3.500 2.741 17.3 112.8 25.8 32.0 
3.491 2.717 17.4 84.3 13.4 12.4 
2.951 1.965 17.5 64.6 10.0 3.4 






0 I I I I I I 
.0 .15 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.952 2.169 17.5 39.0 5.4 1.5 
2.959 2.089 17.5 30.3 4.8 .6 
2.486 1.629 17.5 23.7 4.3 .5 
2.491 1.589 17.5 18.5 3.9 .4 
2.485 1.537 17.5 14.5 3.5 .4 
2.001 1.549 17.4 11.4 3.1 .4 
2.000 1.477 17.4 9.1 2.6 .5 
2.001 1.254 17.4 7.2 2.1 .5 
1.465 .998 17.3 5.8 1.6 .5 >-
(1\ 
00 
1.464 .966 17.3 Pan .8 .8 
1.462 .790 17.3 
.994 .589 17.2 OBSERVED FLOW BEHAVIOUR 
100 .990 .460 17.2 Velocity Observation 
.999 .866 17.2 (m/s) (0 = 71.0 mill) 
90 1.003 
.969 17.2 1.05 30% Stationary Bed 
1.58 Pulses travelling thru. 
BO 
DI 
c: .... 70 
2.14 Slid~ng ~articles - invert 
2.66 Asymmetr~c 
3.19 Appears homgeneous 




Il ., 50 
DI 
III 
~ 40 c: 
II 




1 10 100 1000 10000 











DATA FILE ED80H59B 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.59 
Solids Volumetric Concentration (%) 35.76 
Solids Mass concentration (%) 59.60 
Mean Slurry Teaperature (·C) 16.4 
Pipe Internal Diameter (ma) 73.40 
Pipe Roughness (~a) 84.0 


















































































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (pa) % Passing % Retained 
564.0 100.0 .0 
261.6 91.6 8.4 
160.4 56.6 35.0 
112.8 25.1 31.5 
84.3 14.0 11.1 
64.6 10.7 3.3 
50.2 7.5 3.2 
39.0 6.2 1.3 
30.3 5.8 .4 
23.7 5.4 .4 
18.5 4.9 .5 
14.5 4.5 .4 
11.4 4.1 .4 
9.1 3.5 .6 
7.2 2.9 .6 
5.8 1.9 1.0 
Pan .1 1.8 
OBSERVED FLOW BEHAVIOUR 
Velocity Observation 
(m/s) (D = 71.0 ma) 
1.12 20% Stationary Bed 
1.61 Pulses, no clear bed 
2.14 Sliding particles 


































Q. ., 50 
0 
II 
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Data File: ED80H598 
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Data File: E080H68U 
DATA FILE £080H68U 10 I I I I T I I 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
9 ~ -
Slurry Relative Density 1.68 
Solids voluaetric concentration (%) 41.21 E 8 ~ -...... 
SOlids Mass concentration (%) 65.01 
Mean Slurry Teaperature ('C) 19.5 
Pipe Internal Diaaeter (mm) 73.40 
Pipe Roughness (~.) 84.0 
Pipeline Slope Horizor.tal 
II 
Q. 7 ~ -~ 
~ 6 r- -c 
II .... 
5 tJ r- -
II 
L 
(,!) 4 .... -., 
L ~ 
:J 3 - -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
3.415 3.060 19.2 564.0 100.0 .0 
3.420 3.147 19.3 261.6 92.0 8.0 
3.416 3.230 19.4 160.4 56.5 35.5 
2.969 3.212 19.6 112.8 26.1 30.4 





1 ~ "- ~ R -
2.972 2.438 19.7 84.3 15.4 10.7 
2.962 2.671 19.8 64.6 12.0 3.4 
2.959 2.350 19.8 50.2 8.2 3.8 
2.465 1.835 19.9 39.0 7.1 1.1 
2.467 1.820 19.9 30.3 6.8 .3 
2.466 1.894 19.8 23.7 6.0 .8 
2.012 1.365 19.7 18.5 5.4 .6 
0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.007 1.544 19.7 14.5 5.1 .3 
2.006 1.248 19.7 11.4 4.6 .5 
2.005 1.700 19.6 9.1 3.8 .8 
1.494 .978 19.5 7.2 3.1 .7 
1.488 1.077 19.5 5.8 2.0 1.1 > . 
...... 
0 
1.496 .861 19.5 Pan .0 2.0 
1.494 1.087 19.4 
1.025 .983 19.3 OBSERVED FLOW BEHAVIOUR 
100 1.024 1.368 19.3 Velocity Observation 
1.025 1.666 19.3 (m/s) (D = 71.0 _) 
90 1.030 1.830 19.3 1.09 30% Stationary Bed 1.030 1.650 19.2 1.58 Pulses travelling thru. 
80 
CI 
c .... 70 
2.17 Asymmetric - slid.part. 
2.63 Asymmetric 
3.19 Appears homgeneous 




Q. ., 50 
CI 
II 
~ 40 c ., 
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DATA FILE £080H70U 
Test Facility UCT 80 mm HB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.70 
Solids Volumetric Concentration (\) 42.42 
Solids Mass Concentration (\) 66.13 
Mean Slurry Temperature ('C) 18.9 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~.) 84.0 



























































































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (~a) \ Passing \ Retained 
564.0 100.0 .0 
261.6 91.4 8.6 
160.4 56.5 34.9 
112.8 26.8 29.7 
84.3 14.9 11.9 
64.6 12.0 2.9 
50.2 8.7 3.3 
39.0 7.3 1.4 
30.3 6.9 .4 
23.7 6.4 .5 
18.5 5.8 .6 
14.5 5.4 .4 
11.4 4.9 .5 
9.1 4.1 .8 
7.2 3.4 .7 
5.8 2.2 1.2 
Pan -.0 2.2 
OBSERVED FLOW BEHAVIOUR 
Velocity Observation 
(a/s) (D; 71.0 mm) 
1.61 10\ stationary bed-pulses 
2.10 Asymetric - slid. part. 
2.66 Asymmetric - pulses 
3.15 Asymmetric 



























c ... 70 
UI 
UI 
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Data F1le : EDBOH70U 
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DATA PILE BD80H71U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.71 
Solids Voluaetric Concentration (\) 43.03 
Solids Mass Concentration (%) 66.68 
Mean Slurry Teaperature (·C) 17.8 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~a) 84.0 


















































































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (~m) \ Passing % Retained 
564.0 100.0 .0 
261.6 93.6 6.4 
160.4 58.7 34.9 
112.8 27.1 31.6 
84.3 15.9 11.2 
64.6 12.8 3.1 
50.2 8.9 3.9 
39.0 7.7 1.2 
30.3 7.3 .4 
23.7 6.5 .8 
18.5 5.9 .6 
14.5 5.5 .4 
11.4 4.9 .6 
9.1 4.1 .8 
7.2 3.4 .7 
5.8 2.2 1.2 
Pan -.0 2.2 
OBSERVED FLOW BEHAVIOUR 
Velocity Observation 
(m/s) (0 = 71.0 mm) 
1.58 Stat bed mOves with pulses 
2.14 Slid particles - pulses 
2.63 Asymmetric - pulses 
3.15 Appears homogeneous 
3.71 Appears homogeneous 
10 
9 -































~ 40 c: 
III 






Data FHe : EDBOH71U 
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DATA FILE ED80H79U 10 
Data File: EDBOH79U 
I I I I I I I 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
9 I- -
Slurry Relative Density 1.79 
Solids Voluaetric Concentration (') 47.88 
e B I- -
"-
Solids Mass Concentration (') 70.88 
Mean Slurry Temperature ('C) 21.7 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~m) 84.0 
Pipeline Slope Horizontal 
II 
Q. 7 I- -
~ 




5 'D I- -
II 
t. 
(!I 4 I- .+ -II [3 t. fa ~ :J 3 - -III til III 
II 2 - [3 t. -
Q. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( • C) Size (~m) ,passing 'Retained 
3.374 3.809 20.0 564.0 100.0 .0 
3.346 3.755 20.2 261.6 92.3 7.7 
3.315 3.839 20.4 160.4 58.3 34.0 
3.287 3.994 20.6 112.8 28.4 29.9 
3.280 3.791 20.7 84.3 16.9 11.5 
3.247 3.603 20.9 64.6 13.8 3.1 
3.208 3.701 21.0 50.2 10.3 3.5 
3.128 3.814 21.1 39.0 9.0 1.3 
1 - -3.048 3.279 21.8 30.3 8.6 .4 3.052 3.310 21.9 23.7 7.8 .8 
3.062 3.228 21.9 18.5 7.1 .7 
0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.539 3.752 22.0 14.5 6.7 .4 
2.546 3.287 22.2 11.4 6.0 .7 
2.548 3.028 22.2 9.1 5.0 1.0 
2.553 2.784 22.3 7.2 4.1 .9 
2.556 2.700 22.3 5.8 2.6 1.5 > 
...... 
w 
2.087 2.627 22.3 Pan - .2 2.8 
2.084 2.496 22.3 
2.091 2.471 22.3 OBSERVED FLOW BEHAVIOUR 
100 
90 
1.547 3.225 22.2 Velocity Observation 
1.563 2.139 22.2 (m/s) (D = 71.0 am) 
1.536 2.966 22.1 1.09 45' Stationary bed 





1.547 2.512 22.1 2.24 Appears homogeneous 
1.546 2.464 22.0 2.73 Appears hoaogeneous 
1.031 2.682 21.9 3.22 Appears homogeneous 
1.068 2.785 21.9 3.54 Appears homogeneous 




1.055 2.832 21.8 
1.,074 2.745 21.8 
1.068 2.876 21.8 
II 50 
CI 
. 1.079 2.703 21. 7 
II 
.tJ 40 c 
II 





1 10 100 1000 10000 











DATA FILE ED80D59A 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.59 
Solids Volumetric Concentration (%) 35.76 
Solids Mass Concentration (%) 59.60 
Mean Slurry Temperature (·C) 17.3 
pipe Internal Diameter (am) 73.40 
Pipe Roughness (pa) 84.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(m/s) (kPa/a) ( • C) Size (pm) % Passing % Retained 
3.447 -12.443 17.0 564.0 100.0 .0 
3.475 -12.474 17.1 261.6 93.1 6.9 
3.478 -12.362 17.3 160.4 57.8 35.3 
3.500 -12.422 17.3 112.8 25.8 32.0 
3.491 -12.485 17.4 84.3 13.4 12.4 
2.951 -13.236 17.5 64.6 10.0 3.4 
2.951 -13.079 17.5 50.2 6.9 3.1 
2.952 -13.134 17.5 39.0 5.4 1.5 
2.959 -12.876 17.5 30.3 4.8 .6 
2.486 -13.727 17.5 23.7 4.3 .5 
2.491 -13.735 17.5 18.5 3.9 .4 
2.485 -13.750 17.5 l4.5 3.5 .4 
2.001 -14.119 17.4 11.4 3.1 .4 
2.000 -14.117 17.4 9.1 2.6 .5 
2.001 -14.122 17.4 7.2 2.1 .5 
1.465 -14.576 17.3 5.8 1.6 .5 
1.464 -14.582 17.3 Pan .8 .8 
1.462 -14.589 17.3 
.994 -l4.755 17.2 OBSERVED FLOW BEHAVIOUR 
.990 -14.955 17.2 Velocity Observation 
.999 -14.964 17.2 (m/s) (0 = 71.0 am) 






III 11. _ 
4 -
~ 
~ - 6 -
QI 






:J -12 r-oo 
00 
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Data Fi le : ED80D59A 
I I I I I 
. til 
I I I 
1.0 1.5 2.0 2.5 3.0 
Mixture Velocity (m/s) 
10 100 1000 


























DATA FILE £080D598 2 
Data File : ED80D598 
I I I I I I 
Test Facility UCT 80 mm HB 
Test.Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
0 I- -
Slurry Relative Density 1.59 
Solids Volumetric Concentration (%) 35.76 
e- 2 - -
"-
Solids Mass concentration (%) 59.60 
Mean Slurry Temperature (·C) 16.4 
pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~m) 84.0 
Pipeline Slope vertical Down 
IU a. _ 
4 - -~ 




8 u - -
IU 
L 
(!) -10 I- -
Ql 
L 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( • C) Size (~m) , Passing , Retained 
3.406 -12.483 15.9 564.0 100.0 .0 
3.414 -12.686 16.0 261.6 91.6 8.4 
3.425 -12.291 16.1 160.4 56.6 35.0 
::J -12 I- -
III I III B Ql ~. 
L -14 l- e!! B -a. m 
-16 I- -
3.413 -12.321 16.1 112.8 25.1 31.5 
3.414 -12.572 16.2 84.3 14.0 11.1 
2.937 -13.241 16.3 64.6 10.7 3.3 
2.933 -13.207 16.4 50.2 7.5 3.2 
2.939 -13.245 16.4 39.0 6.2 1.3 
2.622 -13.786 16.5 30.3 5.8 .4 
2.623 -13.800 16.5 23.7 5.4 .4 
-2.623 -13.508 16.5 18.5 4.9 .5 
I I I -18 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.304 -14.089 16.5 14.5 4.5 .4 
2.303 -14.072 16.5 11.4 4.1 .4 
2.303 -14.051 16.5 9.1 3.5 .6 
1.992 -14.379 16.6 7.2 2.9 .6 




1.995 -14.371 16.5 Pan .1 1.8 
1.501 -14.883 16.5 
1.507 '-14.747 16.5 OBSERVED FLOW BEHAVIOUR 
1.502 -14.560 16.5 Velocity Observation 
1.501 -14.717 16.5 (m/s) (D = 71.0 mm) 
90 1.048 -15.245 16.5 1.056 -15.127 16.5 
80 
1.051 -15.149 16.5 
<---. 
CI 
c ..... 70 
III 
III 





~ 40 c 
Ql 





1 10 100 1000 10000 











Data F11e : ED80D68U 
DATA FILE £080068U 2 I I I I I 
Test Facility UCT 80 am NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
0 - -
Slurry Relative Density 1.68 
Solids Volumetric Concentration (%) 41.21 e- 2 - -'" Solids Mass Concentration (%) 65.01 
Mean slurry Temperature ('C) 19.5 
Pipe Internal Diameter (am) 73.40 
Pipe Roughness (~) 84.0 
Pipeline Slope Vertical Down 
CD a. _ 
4 - -
~ 
~ 6 - -c 
OJ ..... 
8 o - - -
CD 
L 
(!J -10 - -
OJ 
L 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Tellp. Malvern Particle Size Analyser 
(m/s) (kPa/lI) ( • C) Size (I'll) % Passing % Retained 
3.415 -12.805 19.2 564.0 100.0 .0 
3.420 -12.783 19.3 261.6 92.0 8.0 
3.416 -12.835 19.4 160.4 56.5 35.5 
2.969 -13.534 19.6 112.8 26.1 30.4 :J -12 - -
III 
III 
II OJ -14 L r- ~ -a. m 
-16 r- II II -
2.972 -13.403 19.7 84.3 15.4 10.7 
2.962 -13.420 19.8 64.6 12.0 3.4 
2.959 -13.366 19.8 50.2 8.2 3.8 
2.465 -14.261 19.9 39.0 7.1 1.1 
2.467 -14.243 19.9 30.3 6.8 .• 3 
2.466 -14.256 19.8 23.7 6.0 .8 
2.012 -14.999 19.7 18.5 5.4 .6 
-18 I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.007 -14.799 19.7 14.5 5.1 .3 
2.006 -14.952 19.7 11.4 4.6 .5 
2.005 -15.001 19.6 9.1 3.8 .8 
1.494 -15.470 19.5 7.2 3.1 .7 Mixture Velocity (m/s) 
> 1.488 -15.363 19.5 5.8 2.0 1.1 1.496 -15.560 19.5 Pan .0 2.0 
1.494 -15.552 19.4 ...... 
1.025 -15.764 19.3 OBSERVED FLOW BEHAVIOUR a-
100 1.024 -15.753 19.3 Velocity Observation 
1.025 -15.718 19.3 (II/S) (0 = 71.0 am) 
90 
1.030 -15.855 19.3 
1.030 -15.832 19.2 
80 
01 
C ...... 70 
OJ 
OJ 




~ 40 c 
OJ 
u 30 L 
OJ a. 20 
10 
0 
1 10 100 1000 10000 











Data Fi Ie ED80D70U 
DATA FILE ED80D70U 2 I I I r I I I 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
0 t- -
Slurry Relative Density 1.70 
Solids volumetric Concentration (l) 42.42 
E - 21- -
" Solids Mass concentration (l) 66.13 
Mean Slurry Temperature ('C) 18.9 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~m) 84.0 
Pipeline Slope vertical Down 
10 U. _ 4 f- -
:!, 
.j.J - 6 t- -
C 
Ql ..... 
8 u - f- -
10 
l. 
(!) -10 I- -
Ql 
l. 
:J -12 I- -
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(m/s) (kPa/m) ( 'C) Size (~m) % Passing % Retained 
3.447 -12.648 18.4 564.0 100.0 .0 
3.447 -12.755 18.5 261.6 91.4 8.6 
3.457 -12.900 18.6 160.4 56.5 34.9 
3.461 -12.932 18.7 112.8 26.8 29.7 
Ul 
Ul 
Ql -14 l. I- -
u. 
-16 f- a • II -
3.456 -12.725 18.8 84.3 14.9 11.9 
2.931 -13.789 18.9 64.6 12.0 2.9 
2.931 -13.820 19.0 50.2 8.7 3.3 
2.935 -13.851 19.0 39.0 7.3 1.4 
2.'.133 -13.775 19.0 30.3 6.9 .4 
2.4'/8 -14.595 19.1 23.7 6.4 .5 
2.487 -14.689 19.1 18.5 5.8 .6 
-18 I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/sl 
2.481 -14.640 19.1 14.5 5.4 .4 
1.951 -15.561 19.1 11.4 4.9 .5 
1.956 -15.539 19.1 9.1 4.1 .8 
1.956 -15.481 19.1 7.2 3.4 .7 
1.958 -15.409 19.1 5.8 2.2 1.2 >-
'-I 
'-I 
1.954 -15.410 19.0 Pan - .0 2.2 
1.513 -15.670 19.0 
100 
1.538 -15.691 19.0 OBSERVED FLOW BEHAVIOUR 
1.537 -15.773 19.0 Velocity Observation 
1.537 -15.753 19.0 (m/s) (D = 71.0 mm) 
90 1.535 -15.702 18.9 1.543 -15.752 18.9 
1.534 -15.625 18.9 
80 
OJ 
c ..... 70 
1.011 -15.965 18.9 
1.000 -15.833 18.9 
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IW 
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Data File ED80D71U 
DATA FILE £080071U 2 I I I I I 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
0 f-- -
Slurry Relative Density 1.71 
SOlids volumetric Concentration (\) 43.03 
e- 2 .... -
" Solids Mass Concentration (\) 66.68 
Mean Slurry Teaperature (·C) 17.8 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~.) 84.0 
Pipeline Slope Vertical Down 
co 0- _ 
4 - -
:! 




8 'D - - -
III 
L. 
(!) -10 - -
r---" 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) \ Passing \ Retained 
3.425 -12.803 16.9 564.0 100.0 .0 
Ql 
L. 
3.440 -12.776 17.0 261.6 93.6 6.4 
3.465 -12.676 17.1 160.4 58.7 34.9 
::l -12 - -
III • III Ql 
-14 - I!I L. all -0- ~ 
-16 - II III -
3.472 -12.801 17.2 112.8 27.1 31.6 
2.918 -13.696 17.7 84.3 15.9 11.2 
2.915 -13.650 17.8 64.6 12.8 3.1 
2.913 -13.758 17.8 50.2 8.9 3.9 
2.924 -13.673 17.8 39.0 7.7 1.2 
2.436 -14.271 17.9 30.3 7.3 .4 
2.432 -14.223 17.9 23.7 6.5 .8 
2.439 -14.344 18.0 18.5 5.9 .6 
-18 I I I I I I 1 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.438 -14.236 18.0 14.5 5.5 .4 
1.987 -15.256 18.0 11.4 4.9 .6 
2.000 -14.766 18.0 9.1 4.1 .8 
1.998 -14.971 18.0 7.2 3.4 .7 
> . 1.993 -15.259 18.0 5.8 2.2 1.2 1.489 -15.880 18.0 Pan - .0 2.2 .... 
00 
1.518 -15.519 17.9 
1.510 -15.586 17.9 OBSERVED FLOW BEHAVIOUR 
100 1.527 -15.683 17.9 Velocity observation 
1.106 -16.041 17.9 (m/s ) (0 = 71.0 mm) 
90 1.113 -15.864 17.9 1.102 -15.879 17.9 
1.114 -15.911 17.9 
80 
C\ 









~ 40 c:: 
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'. Data File ED80D74U 
DATA FILE £080D74U 2 I I 
Test Facility . UeT 80 mm NB 
I I I I I 
Test Date June 1990 
Material Description East Driefontein eeT 0 - -
Material Relative Density 2.65 
Slurry Relative Density 1.74 
Solids Volumetric Concentration (\) 44.85 
'E- 2 '- -
........ 
Solids Mass Concentration (\) 68.30 
Mean Slurry Temperature (·e) 19.9 
Pipe Internal Diameter (mm) 73.40 
co 
~ - 4 - -
:!.. 
pipe Roughness (pm) 84.0 
pipeline Slope Vertical Down .j.J - 6 - -c 
eu ..... 
u - 8 - -
co 
l-
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (pm) \ Passing \ Retained 
ID -10 - -
eu 
l-
3.425 -13.710 18.9 564.0 100.0 .0 
3.439 -13.857 19.0 261.6 92.7 7.3 
3.448 -13.469 19.1 160.4 58.0 34.7 
3.447 -13.799 19.2 112.8 27.7 30.3 :::J -12 - -
Ul 
Ul , eu -14 l- - • -~ • m -16 - -
3.458 -13.553 19.3 84.3 16.6 11.1 
3.477 -13.186 19.4 64.6 13.5 3.1 
3.459 -13.537 19.6 50.2 9.9 3.6 
3.476 -13.616 19.7 39.0 8.6 1.3 
2.969 -14.259 19.9 30.3 8.2 .4 
2.966 -14.359 20.0 23.7 7.5 .7 
2.960 -14.205 20.0 18.5 6.8 .7 
-18 I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.978 -14.177 20.1 14.5 6.4 .4 
2.419 -15.119 20.2 11.4 5.8 .6 
2.422 -15.054 20.2 9.1 4.9 .9 
2.422 -15.051 20.2 7.2 4.1 .8 Mixture Velocity (m/sl 
2.429 -14.997 20.2 5.8 2.7 1.4 > . 
--.J 
\0 
1.973 -15.260 20.2 Pan .1 2.6 
1.966 -15.434 20.2 
1.973 -15.452 20.2 OBSERVED FLOW BEHAVIOUR 
100 1.979 -15.437 20.2 Velocity Observation 
1.519 -15.601 20.1 (m/s) (D = 71.0 mm) 
90 1.540 -15.589 20.1 1.522 -15.371 20.1 
1.514 -15.459 20.1 
1.514 -15.651 20.1 80 
01 
C 
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Data File : ED80D79U 
DATA FILE BDSOD79U 2 I I I I -r I I 
Test Facility UCT SO mm HB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
0 - -
Slurry Relative Density 1.79 
Solids Volulletric Concentration (t) 47.88 
e- 2 - -
'" Solids Mass Concentration (t) 70.88 
Mean Slurry Tellperature (·C) 21.7 
pipe Internal Diameter (mm) 73.40 
pipe Roughness (~m) S4.0 
Pipeline Slope Vertical Down 
fO Il. _ 
4 - -
~ 




8 '0 - - -
fO 
t. 
t!l -10 - -
11/ 
t. 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(II/S) (kPa/m) ( ·C) Size (~m) t Passing t Retained 
3.374 -12.695 20.0 564.0 100.0 .0 
3.346 -12.839 20.2 261.6 92.3 7.7 
3.315 -12.909 20.4 160.4 58.3 34.0 
3.287 -13.123 20.6 112.8 28.4 29.9 ::J -12 - ~ -
UI 
~ r¢1P UI 
11/ -14 ~ t. - ~ -Il. II 
3.280 -13.181 20.7 84.3 16.9 11.5 
3.247 -13.077 20.9 64.6 13.8 3.1 
3.208 -13.303 21.0 50.2 10.3 3.5 
3.128 -13.410 21.1 39.0 9.0 1.3 
-16 r- -3.048 -13.487 21.8 30.3 8.6 .4 3.052 -13.605 21.9 23.7 7.8 .8 
3.062 -13.595 21.9 18.5 7.1 .7 
-18 I I 
I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
> . 
co 
2.539 -14.268 22.0 14.5 6.7 .4 
2.546 -14.623 22.2 11.4 6.0 .7 
2.548 -14.369 22.2 9.1 5.0 1.0 
2.553 -14.177 22.3 7.2 4.1 .9 
2.556 -14.119 22.3 5.8 2.6 1.5 
2.087 -14.985 22.3 Pan - .2 2.8 
2.084 -14.951 22.3 ,0 
2.091 -14.902 22.3 OBSERVED FLOW BEHAVIOUR 
100 1.547 -15.178 22.2 Velocity Observation 
1.563 -15.339 22.2 (m/s) (D = 71.0 mm) 
90 1.536 -15.393 22.1 1.550 -15.411 22.1 
1.547 -14.706 22.1 




1.031 -13.747 21.9 
·1.068 -12.044 21.9 




1.055 -12.895 21.8 
1. CJ74 -14.996 21.8 
1.0\\8 -14.313 21.8 
11/ 50 
CI '1.079 -14.917 21. 7 
fO 
..... 40 c 
11/ 
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DATA FILE ED80D84U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description East Driefontein CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.84 
Solids Volumetric Concentration (\) 50.91 
Solids Mass Concentration (\) 73.32 
Mean Slurry Temperature (·C) 23.3 
Pipe Internal Diameter (mm) 73.40 
Pipe Roughness (~m) 84.0 
Pipeline Slope vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) \ Passing \ Retained 
2.164 -11.845 21.6 564.0 100.0 .0 
2.249 -11. 557 21.8 261.6 93.9 6.1 
1.848 -12.815 22.7 160.4 59.8 34.1 
1.844 -12.816 22.8 112.8 29.9 29.9 
1.846 -12.818 22.9 84.3 17.9 12.0 
1.620 -13.559 23.1 64.6 14.6 3.3 
1.628 -13.471 23.2 50.2 11.4 3.2 
1.629 -13.528 23.3 39.0 10.0 1.4 
1.304 -14.406 23.6 30.3 9.5 .5 
1.314 -13.610 23.6 23.7 8.9 .6 
1. 302 -14.239 23.7 18.5 8.2 .7 
1.258 -14.159 23.7 14.5 7.6 .6 
1.256 -14.195 23.8 11.4 6.9 .7 
1.017 -14.769 23.9 9.1 5.9 1.0 
1.017 -14.869 24.0 7.2 5.0 .9 
1.001 -14.874 24.0 5.8 3.3 1.7 
.996 -14.718 24.0 Pan .1 3.2 

































1 1 I I I I I -lB~----~----~----~----~----~------L-----~--~ 
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Material Relative Density 
Slurry Relative Density 
solids Voluaetric Concentration 
SOlids Ma .. concentration (') 
Mean Slurry Temperature (·C) 
Pipe Internal Diaaeter (_) 
pipe Roughness (~a) 
pipeline Slope 
UCT 25 .. NB 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern particle Size Analyser 
(a,.) (kPa'm) (OC) size (~) , Pas.ing , Retained 
3.390 7.542 14.0 564.0 100.0 .0 
3.406 7.484 14.1 261.6 90.0 10.0 
3.U8 7.545 14.2 160.4 54.9 35.1 
2.942 5.824 14.3 112.8 34.0 20.9 
2.939 5.998 14.3 84.3 23.8 10.2 
2.949 5.977 14.5 64.6 20.0 3.8 
2.488 4.530 14.5 50.2 16.5 3.5 
2.487 4.538 14.5 39.0 13.9 2.6 
2.489 4.518 14.5 30.3 12.5 1.4 
2.085 3.448 14.6 23.7 10.9 1.6 
2.077 3.465 14.6 18.5 9.3 1.6 
2.086 3.480 14.6 14.5 8.2 1.1 
1.670 2.434 14.7 11.4 6.9 1.3 
1.672 2.415 14.7 9.1 5.3 1.6 
1.539 2.556 14.7 7.2 4.1 1.2 
1.246 1'.524 - 14.7 5.8 2.5 1.6 
1.235 1.586 14.7 Pan .0 2.5 





































Data File : VR25H55U 














0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2:5 3.0 3.5 4.0 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric COncentration 
Solids Mass Concentration (\) 
Mean Slurry Teaperature (OC) 
Pipe Internal Diueter (_) 
Pipe Roughness (~.) 
Pipeline Slope 
ucr 25 _ NB 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/a) (OC) Size (~.) \ Passing \ Retained 
3.278 7.221 15.4 564.0 100.0 .0 
3.244 7.433 15.5 261.6 89.5 10.5 
3.266 7.674 15.6 160.4 53.3 36.2 
3.279 7.309 15.7 112.8 31.5 21.8 
2.940 5.957 15.9 84.3 21.8 9.7 
2.869 5.813 16.1 64.6 18.2 3.6 
2.925 5.529 16.2 50.2 15.0 3.2 
2.565 4.425 16.4 39.0 12.8 2.2 
2.536 4.187 16.4 30.3 11.6 1.2 
2.548 4.478 16.4 23.7 10.2 1.4 
2.546 4.406 16.5 18.5 8.8 1.4 
2.146 3.608 16.6 14.5 7.8 1.0 
2.143 3.446 16.7 11.4 6.6 1.2 
2.150 3.628 16.7 9.1 5.1 1.5 
2.161 3.358 16.7 7.2 4.0 1.1 
1.696 2.769 16.8 5.8 2.5 1.5 
1.690 2.626 16.8 Pan - .0 2.5 
1.693 2.525 16.8 
1.287 2.143 16.8. OBSERVED FLOW BEHAVIOUR 
1.297 2.065 16.8 Velocity Observation 
1.275 2.153 16.8 (a/s) (D - .0 _) 
20 
Data File: VR25H66U 
I I I I I I I 
18 ~ -
e 16 ~ -
....... ., 
IL 14 ~ -
~ 
.j.J 12 ~ -C 
II .... 
10 tJ - -., 
t. 
(!) 8 ~ -
II II 
t. 
:::J 6 - ~ -UI ., 
II 4 g' t. ~ .. -IL 
2 a II - -
0 I I I I I I I 
.0 ,5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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UI 
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II 





1 10 100 1000 10000 















Material Relative Density 
Slurry Relative Density 
SOlids Volu.etric Concentration 
SOlids Mass Concentration (') 
Hean Slurry Te~rature (OC) 
Pipe Internal Diaaeter (_) 
pipe Roughness (~) 
Pipeline Slope 
ucr 25 _ NB 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyse~ 
(_/a) (kPa/_) (OC) Size (~) , Passing , Retained 
2.816 8.095 17.0 564.0 100.0 .0 
2.767 8.106 17.2 261.6 89.5 10.5 
2.733 7.402 17.3 160.4 53.5 36.0 
2.598 7.351 17.4 112.8 30.1 23.4 
2.633 7.900 17.6 84.3 21.0 9.1 
2.469 7.035 18.0 64.6 17.4 3.6 
2.463 6.991 18.1 50.2 14.0 3.4 
2.469 7.194 18.2 39.0 12.0 2.0 
2.111 6.580 18.5 30.3 11.0 1.0 
2.105 6.095 18.6 23.7 9.8 1.2 
2.105 6.172 18.7 18.5 8.5 1.3 
1.696 5.041 18.9 14.5 7.6 .9 
1.693 5.125 19.0 11.4 6.5 1.1 
1.697 5.159 19.0 9.1 5.2 1.3 
1.276 4.077 19.0 7.2 4.1 1.1 
1.268 3:958 19.0 5.8 2.6 1.5 

































Data Flle : VR25H75A 
20 






8 I- fJ&~ -
f! 6 I- -
II 
4 I- II -
2 I- -
0 I I I I I I I 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric Concentration 
Solids Mass Concentration (\) 
Mean Slurry Temperature (OC) 
Pipe Internal Diaaeter ( .. ) 
Pipe Roughness (pa) 
Pipeline Slope 
UCT 25 mm HB 
June 1990 









Mixture Pressure slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(a/s) (kPa/a) (OC) Size (I'm) \ Passing \ Retained 
2.448 6.755 17.0 564.0 100.0 .0 
2.784 7.401 17.2 261.6 88.9 11.1 
2.789 7.360 17.2 160.4 51.4 37.5 
2.801 7.642 17.2 112.8 29.8 21.6 
2.812 7.438 17.2 84.3 20.2 9.6 
2.817 7;626 17.2 64.6 16.9 3.3 
2.814 7.651 17.2 50.2 13.9 3.0 
2.532 6.942 17.3 39.0 11.9 2.0 
2.558 6.956 17.4 30.3 10.9 1.0 
2.552 6.733 17.6 23.7 9.8 1.1 
2.536 7.246 18.0 18.5 8.6 1.2 
2.121 6.072 18.1 14.5 7.7 .9 
2.114 5.740 18.2 11.4 6.6 1.1 
2.091 6.004 18.5 9.1 5.2 1.4 
2.086 5.902 18.6 7.2 4.0 1.2 
1.681 5.225 18.7 5.8 2.4 1.6 
1.674 5.118 18.9 Pan - .3 2.7 
1.680 5.005 19.0 
1.679 5.145 19.0 OBSERVED FLOW BEHAVIOUR 
1.254 3.796 19.0 Velocity Observation 
1.256 3.748 19.0 (a/s) (0 = .0 _) 
1.250 3.846 19.0 
E 


































Data File : VR25H75B 







~ • 6 - II -• 4 I- m -
2 I- -
0 I .~ I I I I 1 
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DA'l'A FILE VR25H77U 
UCT 25 IBID NB 
June 1990 




Material Relative Density 
Slurry Relative Density 
SOlids voluaetric Concentration 
Solids Mass Concentration (') 
Mean Slurry 'l'eaperature ('C) 
Pipe Internal Diaaeter ( .. ) 



































































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (~) 'Passing' Retained 
564.0 100.0 .0 
261.6 88.6 11.4 
160.4 52.4 36.2 
112.8 31.1 21.3 
84.3 21.3 9.8 
64.6 18.1 3.2 
50.2 15.3 2.8 
39.0 13.2 2.1 
30.3 12.1 1.1 
23.7 11.0 1.1 
18.5 9.8 1.2 
14.5 8.8 1.0 
11.4 7.6 1.2 
9.1 6.1 1.5 
7.2 4.8 1.3 
5.8 3.0 1.8 
Pan .0 3.0 
20 
18 ~ 




4J 12 ~ c • ~
10 " -•to 


















II • 60 Q. 
u 50 
0 • 4J 40 c 
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Data File: VR25H77U 











I I I ~ 1 I I 
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1)&'1& I'lL. I VR25B16U Data File : VR25H86U 
Test Facility UCT 25 lIlDI NB 20 I I I I I I I 
Te.t Dat. June 1990 
Material Description Vaal Reefs CCT 18 I- -Material Relative Density 2.65 [3 
Slurry Relative Density 1.86 ,. 
Solids Volumetric Concentration C\) 52.12 E 16 I- -Solids Mass Concentration C\) 74.26 ...... 
Mean Slurry Temperature COC) 23.5 II Q. 14 pipe Internal Diameter Cam) 26.60 ~ 
r- -
Pipe Roughness C#a) 21.0 
Pipeline Slope Horizontal .., 
C 
12 I- -
Mixture Pressure Slurry Particle Size Distribution II or4 
Velocity Gradient TeJlp. Malvern Particle Size Analyser 1] 10 I- -
Ca/s) CkPa/lI) COC) Size C#II) \ Passing \ Retained II t. 
1.321 16.376 23.4 564.0 100.0 .0 (9 8 I- -1.331 16.919 23.3 261.6 90.0 10.0 
1.329 17.056 23.3 160.4 56.5 33.5 .. t. 
1. 350 17.669 23.3 112.8 32.9 23.6 ::J 6 I- -
1.265 16.409 23.4 84.3 22.2 10.7 III III 
1.258 16.724 23.5 64.6 19.3 2.9 .. 
4 1.241 16.992 23.6 50.2 16.0 3.3 t. I- -
1.191 16.765 23.9 39.0 13.5 2.5 Q. 
1.162 16.129 23.9 30.3 12.6 .9 2 ... -1.150 16.404 23.8 23.7 11.6 1.0 
18.5 10.3 1.3 
L I I I I I 14.5 9.3 1.0 0 
11.4 8.1 1.2 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
9.1 6.6 1.5 Mixture Velocity Cm/a) 
7.2 5.3 1.3 > 
5.8 3.4 1.9 
. 
00 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric Concentration 
Solids Mass concentration (') 
Mean Slurry Telllperature (OC) 
Pipe Internal Diaaeter (am) 
Pipe Roughness (~.) 
Pipeline Slope 
Pressure Slurry 
UCT 25 IIIJII HB 
June 1990 









Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(III/S) (kPa/lII) (OC) Size (~.) , Passing , Retained 
3.390 - 7.548 14.0 564.0 100.0 .0 
3.406 - 7.670 14.1 261.6 ,90.0 10.0 
3.448 - 7.469 14.2 160.4 54.9 35.1 
2.942 - 9.024 14.3 112.8 34.0 20.9 
2.939 - 9.326 14.3 84.3 23.8 10.2 
2.949 - 9.091 14.5 64.6 20.0 3.8 
2.488 -10.597 14.5 50.2 16.5 3.5 
2.487 -10.462 14.5 39.0 13.9 2.6 
2.489 -10.469 14.5 30.3 12.5 1.4 
2.085 -11.671 14.6 23.7 10.9 1.6 
2.077 -11.717 14.6 18.5 9.3 1.6 
2.086 -11.582 14.6 14.5 8.2 1.1 
1.670 -12.800 14.7 11.4 6.9 1.3 
1.672 -12.789 14.7 9.1 5.3 1.6 
1.539 -13.077 14.7 7.2 4.1 1.2 
1.246 -13.833 14.7 5.8 2.5 1.6 
1.235 -13.905 14.7 Pan .0 2.5 
1.224 -13.974 14.7 
Data File : VA25D55U 
0 
I I I I I I 
- 2 I- -














" IIJ -12 - -I) t. ~~ a. 
-14 l- • -
-16 1 L I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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, Test Facility 
Test Date 
Material Description 
Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (') 
Mean Slurry Temperature (OC) 
Pipe Internal Diaaeter (_) 
Pipe Roughness (~a) 
Pipeline Slope 
UCT 25 _ NB 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(a/s) (kPa/lI) ( ·C) Size (~a) , Passing , Retained 
3.278 - 8.346 15.4 564.0 100.0 .0 
3.244 - 8.434 15.5 261.6 89.5 10.5 
3.266 - 9.184 15.6 160.4 53.3 36.2 
3.279 - 8.394 15.7 112.8 3l.5 21.8 
2.940 - 9.482 15.9 84.3 21.8 9.7 
2.869 -10.485 16.1 64.6 18.2 3.6 
2.925 - 9.863 16.2 50.2 15.0 3.2 
2.565 -10.921 16.4 39.0 12.8 2.2 
2.536 -11.119 16.4 30.3 11.6 1.2 
2.548 -11. 202 16.4 23.7 10.2 1.4 
2.546 -11.093 16.5 18.5 8.8 1.4 
2.146 -12.035 16.6 14.5 7.8 1.0 
2.143 -11.937 16.7 11.4 6.6 1.2 
2.150 -12.072 16.7 9.1 5.1 1.5 
2.161 -11.860 16.7 7.2 4.0 1.1 
1.696 -13.262 16.8 5.8 2.5 1.5 
1.690 -13.276 16.8 Pan - .0 2.5 
1.693 -13.321 16.8 
1.287 -14.288 16.8 OBSERVED FLOW BEHAVIOUR 
1.297 -14.219 16.8 Velocity Observation 
1.275 -14.257 16.8 (II/S) (0 - .0 _) 
0 
Data·File: VR25D66U 
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Material Description 
Material .Relative Density 
Slurry Relative Density 
ft25D75& 
UCT 25 II1II HB 
June 1990 
Vaal Reefs CCT 
2.65 
1.75 
Solids Voluaetric concentration 
Solids Mass Concentration (t) 
Mean Slurry Teaperature (DC) 
Pipe Internal Di ... ter ( .. ) 



































































Particle Size Distribution 
Malvern Particle size Analyser 
Size (pa) t Passing t Retained 
564.0 100.0 .0 
261.6 89.5 10.5 
160.4 53.5 36.0 
112.8 30.1 23.4 
84. 3 21.0 9. 1 
64 • 6 17 • 4 3 • 6 
50. 2 14 • 0 3 • 4 
39.0 12.0 2.0 
30.3 11.0 1.0 
23.7 9.8 1.2 
18.5 8.5 1.3 
14.5 7.6 .9 
11.4 6.5 1.1 
9.1 5.2 1.3 
7.2 4.1 1.1 
5.8 2.6 1.5 



















Data File: VR25D75A 







































1.0 1.5 2.0 2.5 3.0 
Mixture Velocity (m/s) 
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D'1'& "XLII I 
Material Description 
Material Relative Density 
Slurry Relative Density 
DUD7S. 
UCT 25 _ NB 
June 1990 
Vaal Reefs CCT 
2.65 
1. 75 
Solids Voluaetric Concentration 
Solids Mass Concentration (t) 
Mean Slurry Teaperature (OC) 
Pipe Internal Dialleter (_) 








Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient T_p. Malvern Particle Size Analyser 
CII,a) CkPa'lI) (OC) Size (pll) t Passing t Retained 
2.448 - 7.792 17.0 564.0 100.0 .0 
2.784 - 8.350 17.2 261.6 88.9 11.1 
2.789 - 8.110 17.2 160.4 51.4 37.5 
2.801 - 8.489 17.2 112.8 29.8 21.6 
2.812 - 8.305 17.2 84.3 20.2 9.6 
2.817 - 8.032 17.2 64.6 16.9 3.3 
2.814 - 7.957 17.2 50.2 13.9 3.0 
2.532 - 8.771 17.3 39.0 11.9 2.0 
2.558 - 9.084 17.4 30.3 10.9 1.0 
2.552 - 8.980 17.6 23.7 9.8 1.1 
2.536 - 8.779 18.0 18.5 8.6 1.2 
2.121 - 9.992 18.1 14.5 7.7 .9 
2.114 - 9.765 18.2 11.4 6.6 1.1 
2.091 - 9.793 18.5 9.1 5.2 1.4 
2.086 - 9.812 18.6 7.2 4.0 1.2 
1.681 -11.448 18.7 5.8 2.4 1.6 
1.674 -11.402 18.9 Pan - .3 2.7 
1.680 -11.363 19.0 
1.679 -11.237 19.0 OBSERVED FLOW BEHAVIOUR 
1.254 -12.672 19.0 Velocity Observation 
1.256 -12.657 19.0 (II'S) (0 - .0 _) 
1.250 -12.698 19.0 
0 
Data File : VR25D75B 
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Material Relative Density 
Slurry Relative Density 
Solids VolUlletric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Teaperature (' C) 
Pipe Internal Diaaeter (ma) 
Pipe Roughness (I'll) 
Pipeline Slope 
Pressure 
UCT 25 mm NB 
June 1990 









Particle Size Distribution Slurry 
Velocity Gradient Temp. Malvern Particle Size Analyser 
( 'C) (a/s) (kPa/a) Size (I'JI) % Passing % Retained 
2.677 - 6.271 20.3 564.0 100.0 .0 
2.713 - 6.320 20.5 261.6 88.6 11.4 
2.701 - 6.175 20.6 160.4 52.4 36.2 • 
2.513 - 6.837 20.9 112.8 31.1 21.3 
2.511 - 6.690 21.0 84.3 21.3 9.8 
2.503 - 6.655 21.0 64.6 18.1 3.2 
1.704 -10.491 21. 3 50.2 15.3 2.8 
1.691 -10.491 21.4 39.0 13.2 2.1 
1.694 -10.491 21.4 30.3 12.1 1.1 
1.686 -10.466 21.4 23.7 11.0 1.1 
1.684 -10.439 21.4 18.5 9.8 1.2 
2.119 - 8.622 21.6 14.5 8.8 1.0 
2.123 - 8.636 21.6 11.4 7.6 1.2 
2.127 - 8.356 21.6 9.1 6.1 1.5 
1.274 -11.975 21.7 7.2 4.8 1.3 
1.274 -11.890 21.7 5.8 3.0 1.8 
1.271 -11.966 21.7 Pan .0 3.0 
Data File: VR25D77U 
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Data File : VR25D86U 
Da'l'A I'IL. I ft25D16U 0 I I I I I I I 
Test Facility UCT 25 IDDI NB 
Test Date June 1990 
Material Description Vaal Reefs CCT - 2 r- -
Material Relative Density 2.65 "4 Slurry Relative Density 1.86 e Solids Voluaetric concentration (') 52.12 ,- 4 -Solids Mass concentration (') 74.26 10 -
Mean Slurry Teaperature (OC) 23.5 Q. 
l._ Pipe Internal Diaaeter (IDDI) 26.60 ~ 
Pipe Roughness ("a) 21.0 6 r- -
Pipeline Slope Vertical Down ~ C 
III 
Mixture Pressure Slurry Particle Size Distribution '" 8 'tI - - -Velocity Gradient Teap. Malvern Particle Size Analyser 10 
(a/a) (kPa/a) ( °C) Size ("a) , Passing , Retained t. 
1.321 - 3.595 23.4 564.0 100.0 .0 
(!) 
1.331 - 3.254 23.3 261.6 90.0 10.0 ., -10 I- -
1.329 - 2.532 23.3 160.4 56.5 33.5 t. 
1.350 - 2.227 23.3 112.8 32.9 23.6 
:::J 
VI 
1.265 - 3.066 23.4 84.3 22.2 10.7 VI -12 r- -
1.258 - 2.951 23.5 64.6 19.3 2.9 
., 
t. 
1.241 - 2.820 23.6 50.2 16.0 3.3 Q. 
1.191 - 2.754 23.9 39.0 13.5 2.5 -14 I-
1.162 - 2.537 23.9 30.3 12.6 .9 
-
1.150 - 2.612 23.8 23.7 11.6 1.0 
18.5 10.3 1.3 I I I I I I I 
14.5 9.3 1.0 -16 
11.4 8.1 1.2 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
9.1 6.6 1.5 Mixture Velocity (m/a) 
7.2 5.3 1.3 > . 
5.8 3.4 1.9 1.0 
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Material Relative Density 
Slurry Relative Density 
solids voluaetric concentration 
Solids Mass Concentration (t) 
Mean Slurry Teaperature (OC) 
Pipe Internal Dia.eter (ma) 
Pipe Roughness (~a) 
pipeline Slope 
UCT 25 DUD HB . 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/a) ( OC) size (~.) t Passing t Retained 
3.390 22.316 14.0 564.0 100.0 .0 
3.406 22.371 14.1 261.6 90.0 10.0 
3.448 22.512 14.2 160.4 54.9 35.1 
2.942 20.891 14.3 112.8 34.0 20.9 
2.939 20.710 14.3 84.3 23.8 10.2 
2.949 20.801 14.5 64.6 20.0 3.8 
2.488 19.547 14.5 50.2 16.5 3.5 
2.487 19.880 14.5 39.0 13.9 2.6 
2.489 19.659 14.5 30.3 12.5 1.4 
2.085 18.508 14.6 23.7 10.9 1.6 
2.077 18.472 14.6 18.5 9.3 1.6 
2.086 18.452 14.6 14.5 8.2 1.1 
1.6.70 17.426 14.7 11.4 6.9 1.3 
1.672 17.402 14.7 9.1 5.3 1.6 
1.539 17.082 14.7 7.2 4.1 1.2 
1.246 16.735 14.7 5.8 2.5 1.6 
1.235 16.531 14.7 Pan .0 2.5 
1.224 16.376 14.7 
36 
Data FHe : VR25U55U 
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Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (t) 
Mean Slurry Te.perature (OC) 
Pipe Internal Dia.eter (ma) 
Pipe Roughness (~.) 
Pipeline Slope 
UCT 25 lIIID HB 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) (OC) Size (~.) t Passing t Retained 
3.278 23.439 15.4 564.0 100.0 .0 
3.244 22.972 15.5 261.6 89.5 10.5 
3.266 23.015 15.6 160.4 53.3 36.2 
3.279 23.239 15.7 112.8 31.5 21.8 
2.940 21.632 15.9 84.3 21.8 9.7 
2.869 20.952 16.1 64.6 18.2 3.6 
2.925 21. 983 16.2 50.2 15.0 3.2 
2.565 19.989 16.4 39.0 12.8 2.2 
2.536 20.110 16.4 30.3 11.6 1.2 
2.548 20.185 16.4 23.7 10.2 1.4 
2.546 20.042 16.5 18.5 8.8 1.4 
2.146 19.336 16.6 14.5 7.8 1.0 
2 .• 143 19.500 16.7 11.4 6.6 1.2 
2.150 19.398 16.7 9.1 5.1 1.5 
2.161 19.495 16.7 7.2 4.0 1.1 
1.696 18.281 16.8 5.8 2.5 1.5 
1.690 18.497 16.8 Pan - .0 2.5 
1.693 18.473 16.8 
1.287 17.783 16.8 OBSERVED FLOW BEHAVIOUR 
1.297 17.857 16.8 Velocity observation 
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Material Relative Density 
Slurry Relative Density 
Solida Voluaetric concentration 
Solids Mass Concentration ct) 
Mean Slurry Teaperature COC) 
pipe Internal Diaaeter Cm.) 
Pipe Roughness C~a) 
Pipeline Slope 
UCT 25 IUD NB 
June 1990 









Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
Ca/a) CkPa/a) COC) Size C~a) t Passing t Retained 
2.816 24.041 17.0 564.0 100.0 .0 
2.767 23.757 17.2 261.6 89.5 10.5 
2.733 24.056 17.3 160.4 53.5 36.0 
2.598 23.904 17.4 112.8 30.1 23.4 
2.633 23.396 17.6 84.3 21.0 9.1 
2.469 23.548 18.0 64.6 17.4 3.6 
2.463 24.183 18.1 50.2 14.0 3.4 
2.469 23.572 18.2 39.0 12.0 2.0 
2.111 22.648 18.5 30.3 11.0 1.0 
2.105 23.262 18.6 23.7 9.8 1.2 
2.105 22.568 18.7 18.5 8.5 1.3 
1.696 21.660 18.9 14.5 7.6 .9 
1.693 21.728 19.0 11.4 6.5 1.1 
1.697 21.826 19.0 9.1 5.2 1.3 
1.276 20.647 19.0 7.2 4.1 1.1 
1.268 20.433 19.0 5.8 2.6 1.5 
1.270 20.811 19.0 Pan .1 2.5 
Data File: VR25U75A 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric Concentration 
solids Mass Concentration (\) 
Mean Slurry Teaperature (DC) 
Pipe Internal Diameter (_) 
Pipe Roughness (~a) 
Pipeline Slope 
Pressure Slurry 
UCT 25 _ HB . 
June 1990 









Particle Size Distribution 
Velocity Gradient T8Ilp. Malvern Particle Size Analyser 
(a,a) (kPa,a) (DC) 
2.784 23.194 17.2 
2.789 24.352 17.2 
2.801 23.411 17.2 
2.812 23.381 17.2 
2.817 24.081 17.2 
2.814 24.020 17.2 
2.532 23.702 17.3 
2.558 22.901 17.4 
2.552 23.244 17.6 
2.536 23.377 18.0 
2.121 22.215 18.1 
2.114 22.522 18.2 
2.091 22.405 18.5 
2.086 22.444 18.6 
1.681 21.296 18.7 
1.674 21.376 18.9 
1.680 21.486 19.0 
1.679 21.523 19.0 
1.254 20.759 19.0 
1.256 20.603 19.0 
1.250 20.547 19.0 
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DAIl'A PILE VR25U77U 
Test Facility UCT 25 DUD HB 
Test Date June 1990 Data F1le : VR25U77U 
Material Description Vaal Reefs CCT 36 I I I I I I I 
Material Relative Density 2.65 
Slurry Relative Density 1.77 34 ~ -Solids Volumetric Concentration (il) 46.67 
Solids Mass COncentration (il) 69.87 
32 r Mean Slurry Temperature (·C) 21.2 E -
pipe Internal Diameter (DUD) 26.60 "-
pipe Roughness (~a) 21.0 • 30 ~ -Q. 
Pipeline Slope Vertical Up 
~ 
Mixture Pressure Slurry Particle Size Distribution 2B ~ -
-6J Velocity Gradient Temp, Malvern Particle Size Analyser C 
(a/s) (kPa/m) ( ·C) Size (~) il Passing il Retained • 26 r .'1 -2.677 25.768 20.3 564.0 100.0 .0 .... II 2.713 25.993 20.5 261.6 88.6 11.4 'D • 24 2.701 25.379 20.6 160.4 52.4 36.2 L ~ • -2.513 25.330 20.9 112.8 31.1 21.3 (!) 2.511 25.613 21.0 84.3 21.3 9.8 u 22 ~ II -
2.503 25.515 21.0 64.6 18.1 3.2 L 
1.704 23.314 21.3 50.2 15.3 2.8 ::J 
1.691 23.396 21.4 39.0 13.2 2.1 II 20 "- -at 
1.694 23.048 21.4 30.3 12.1 1.1 u 
1.686 23.487 21.4 23.7 11.0 1.1 t- 1B - -
1.684 23.213 21.4 18.5 9.8 1.2 Q. 
2.119 24.325 21.6 14.5 8.8 1.0 16 -2.123 24.735 21.6 11.4 7.6 1.2 -
2.127 25.074 21.6 9.1 6.1 1.5 
1.274 21.970 21.7 7.2 4.8 1.3 14 I I I I .~ 
1.274 22.199 21. 7 5.8 3.0 1.8 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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DA'fA I'ILI I VR25U86U 
Test Facility UCT 25 JIll HB Data Flle : VR25U86U 
Test Date June 1990 36 I I I I I I I 
Material Description Vaal Reefs CCT "-
Material Relative Density 2.65 34 I- IIfii -Slurry Relative Density 1.86 
Solids Voluaetric Concentration (') 52.12 32 
[?J 
Solids Mass Concentration (') 74.26 E I- -
Mean Slurry Teaperature (OC) 23.5 "-II Pipe Internal Diaaeter (1IlI) 26.60 Q. 30 - -
Pipe Roughness (".) 21.0 ~ 
Pipeline Slope Vertical Up 28 - -
4J 
Mixture Pressure Slurry Particle Size Distribution C II 26 - -Velocity Gradient T_p. Malvern Particle Size Analyser opt 
(a/s) (kPa/lI) (OC) Size ("a) , Passing , Retained 'D II 1.321 32.692 23.4 564.0 100.0 .0 '- 24 - -
1.331 33.412 23.3 261.6 90.0 10.0 (!) 
1.329 33.933 23.3 160.4 56.5 33.5 II 22 - -
1. 350 34.420 23.3 112.8 32.9 23.6 '-
1.265 33.376 23.4 84.3 22.2 10.7 :::J 
1.258 33.922 23.5 64.6 19.3 2.9 
., 20 - -., 
1.241 33.722 23.6 50.2 16.0 3.3 II 
1.191 33.742 23.9 39.0 13.5 2.5 '-Q. 18 - -
1.162 34.070 23.9 30.3 12.6 .9 
1.150 33.900 23.8 23.7 11.6 1.0 16 - -
18.5 10.3 1.3 
14.5 9.3 1.0 14 I I I I I I I 11.4 8.1 1.2 
9.1 6.6 1.5 .0 .5 1.0 1.5 2.0 .2.5 3.0 3.5 4.0 
7.2 5.3 1.3 M1xture Veloc1ty (m/a) > 
5.8 3.4 1.9 \0 
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Material Relative Density 
Slurry Relative Density 
SOlids Volu.etric Concentration 
SOlids Mass Concentration (') 
Mean Slurry Teaperature (·C) 
Pipe Internal Diaaeter ( .. ) 
Pipe Roughness (,..) 
Pipeline Slope 
Pressure Slurry 
UCT 40 .. HB 
August 1990 









Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
( ·C) Size (,..) , Passing , Retained (a/s) (kPa/a) 
3.788 6.040 19.8 564.0 100.0 .0 
3.788 5.950 19.9 261.6 86.7 13.3 
3.774 6.155 20.0 160.4 48.8 37.9 
3.775 6.087 20.1 112.8 29.6 19.2 
3.767 6.267 20.1 84.3 19.4 10.2 
3.795 6.023 20.2 64.6 16.1 3.3 
3.212 4.804 20.3 50.2 13.5 2.6 
3.208 4.963 20.3 39.0 12.0 1.5 
3.217 4.957 20.3 30.3 10.9 1.1 
3.219 5.017 20.3 23.7 9.8 1.1 
3.221 4.922 20.3 18.5 8.9 .9 
2.717 3.915 20.3 14.5 8.0 .9 
2.716 3.929 20.3 11.4 6.8 1.2 
2.711 4.096 20.3 9.1 5.4 1.4 
2.716 3.835 20.2 7.2 4.3 1.1 
2.167 3.198 20.2 5.8 2.7 1.6 
2.164 3.081 20.2 Pan .0 2.7 
2.160 3.041 20.1 
2.158 3.236 20.1 OBSERVED PLOW BEHAVIOUR 
1.662 2.415 20.0 Velocity Observation 
1.678 2.418 20.0 (a/s) (D - 46.0 iIII) 
1.671 2.411 20.0 . .87 30' stationary bed 
1.666 2.438 20.0 1.28 Asyaaetric - slid particles 
1.103 2.286 19.9 1.64 Asyaaetric - slid particles 
1.097 2.142 - 19.9 2.50 Appears hoaogeneoua 
1.101 2.413 19.8 2.45 Appears hoaogeneous 
1.124 2.342 19.8 2.86 Appears hoaogeneoua 
1.123 2.346 19.8 
1.115 2.378 19.7 
Data File : VR40H71U 
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Material Relative Density 
Slurry Relative Density 
Solids Vo1uaetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Teaperature ('C) 
Pipe Internal Diameter (am) 
Pipe Roughness (~m) 
Pipeline Slope 
UCT 40 mm NB 
AUgust 1990 









Mixture Pressure slurry Particle size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/a) ( ·C) Size (~m) % Passing % Retained 
3.897 8.873 19.9 564.0 100.0 .0 
3.918 8.432 20.0 261.6 86.9 13.1 
3.931 8.679 20.2 160.4 50.7 36.2 
3.897 8.859 20.3 112.8 28.4 22.3 
3.947 8.787 20.4 84.3 19.4 9.0 
3.228 6.653 20.9 64.6 15.5 3.9 
3.230 7.099 20.9 50.2 12.7 2.8 
3.232 7.098 21.0 39.0 11.3 1.4 
3.238 6.841 21.0 30.3 10.3 1.0 
3.236 6.909 21.1 23.7 9.3 1.0 
2.681 5.956 21.1 18.5 8.5 .8 
2.677 5.813 21.2 14.5 7.7 .8 
2.673 5.842 21.2 11.4 6.6 1.1 
2.675 5.923 21.2 9.1 5.3 1.3 
2.116 4.713 21.2 7.2 4.2 1.1 
2.116 4.673 21.2 5.8 2.6 1.6 
2.111 4.663 21. 2 Pan - .1 2.7 
2.119 4.706 21.2 
1.628 3.411 21.2 OBSERVED FLOW BERA VIOUR 
1.626 3.455 21.2 Velocity Observation 
1.627 3.380 21.1 (m/s) (0 - 46.0 am) 
1.616 3.420 21.1 .79 Asymmetric - slid particles 
1.007 2.446 21.0 1.24 Asymmetric - slid particles 
1.000 2.356 21.0 1.64 Appears homogeneous 
1.001 2.417 21.0 2.05 Appears homogeneous 
.993 2.400 20.9 2.45 Appears homogeneous 
2.94 Appears homogeneous 
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Material Relative Density 
Slurry Relative Density 
Solids voluaetric concentration 
solids Mass Concentration (\) 
Mean slurry Temperature (·C) 
Pipe Internal Diaaeter (mm) 
Pipe Roughness (~a) 
Pipeline Slope 
UCT 40 mm HB 
August 1990 . 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(a/s) (kPa/m) ( ·C) Size (~) \ passing \ Retained 
2.987 12.851 21.1 564.0 100.0 • 0 
3.003 12.121 21.4 261.6 87.8 12.2 
3.014 12.248 21.6 160.4 51.1 36.7 
3.023 11.849 21.8 112.8 28.2 22.9 
3.035 11.649 22.0 84.3 19.2 9.0 
2.613 10.756 22.3 64.6 15.8 3.4 
2.611 10.702 22.4 50.2 12.9 2.9 
2.618 10.583 22.5 39.0 11.6 1.3 
2.619 10.653 22.6 30.3 10.8 .8 
2.093 8.768 22.8 23.7 9.7 1.1 
2.085 8.792 22.8 18.5 8.9 .8 
2.085 8.690 22.9 14.5 8.1 .8 
2.086 8.812 22.9 11.4 7.1 1.0 
1.624 6.805 22.9 9.1 5.8 1.3 
1.618 6.913 22.9 7.2 4.6 1.2 
1.616 6.909 22.9 5.8 2.9 1.7 
1.615 6.946 22.9 Pan .1 2.8 
1.044 4.869 22.9 
1.008 4.987 22.9 OBSERVED FLOW BEHAVIOUR 
.995 5.088 22.8 Velocity Observation 
.988 5.061 22.8 (a/s) (0 = 46.0 mm) 
.981 5.097 22.8 .55 Appears hoaogeneous 
.710 3.922 22.7 .83 Appears homogeneous 
.690 3.952 22.6 1.24 Appears hoaogeneous 
.669 3.909 22.6 1.60 Appears homogeneous 
.662 3.896 22.6 2.01 Appears homogeneous 
2.29 Appears homogeneous 
Data Fl1e : VR~OHBOU 
1~ 
I I I I I I I 
~ 
12 ~ I -
E • "-• 10 ~ -0. 
II .... • +I B c ~ -• .... 
'0 • • t. 6 ~ -CD 
• III! t. 
::J • • ~ ~ • -• t. 
0. 
2 - -
0 I I I I I I I 
.0 .!5 1.0 1.5 2.0 2.!5 3.0 3.!5 ~.O > 









C .... 70 • • • 60 0. 
• 50 DI • +I ~O 
C • u 30 t. • 0. 20 
10 
0 
1 10 100 1000 10000 















Material Relative Density 
Slurry Relative Density 
solids Volumetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Temperature (·C) 
pipe Internal Diameter (mm) 
pipe Roughness (~.) 
Pipeline Slope 
UCT 40 mm NB 
August 1990 . 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
2.282 13.363 24.4 564.0 100.0 .0 
2.275 13.471 24.7 261.6 87.6 12.4 
2.270 13.707 24.9 160.4 49.8 37.8 
2.301 13.846 25.1 112.8 28.3 21. 5 
2.310 14.003 25.3 84.3 17.9 10.4 
2.304 13.735 25.4 64.6 14.9 3.0 
1.853 10.302 25.8 50.2 12.1 2.8 
1.841 10.635 25.9 39.0 10.6 1.5 
1.840 10.663 26.0 30.3 9.8 .8 
1.853 10.455 26.0 23.7 8.9 .9 
1.851 10.785 26.1 18.5 8.1 .8 
1.851 10.765 26.1 14.5 7.4 .7 
1.348 7.816 26.2 11.4 6.4 1.0 
1.331 7.766 26.2 9.1 5.1 1.3 
1.318 7.792 26.3 7.2 4.1 1.0 
1.320 7.856 26.3 5.8 2.5 1.6 
.933 6.539 26.3 Pan - .3 2.8 
.915 6.633 26.3 
.903 6.555 26.2 OBSERVED FLOW BEHAVIOUR 
.889 6.508 26.2 Velocity Observation 
.868 6.395 26.2 (m/s) (0 = 46.0 mm) 
.596 5.219 26.1 .26 Appears homogeneous 
.593 5.239 26.1 .51 Appears homogeneous 
.593 5.348 26.1 .75 Appears homogeneous 
.600 5.302 26.0 1.03 Appears homogeneous 
.597 5.195 26.0 1. 36 Appears homogeneous 
.318 3.331 25.9 1. 76 Appears homogeneous 
.286 3.313 25.9 
.268 3.296 25.9 
.258 3.424 25.8 
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Material Relative Density 
Slurry Relative Density 
Solids volumetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Teaperature (·C) 
pipe Internal Diameter (mm) 
pipe Roughness (~a) 
pipeline Slope 
UCT 80 mm NB 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(IB/S) (kPa/a) ( • C) Size (~a) % Passing % Retained 
3.371 3.939 19.2 564.0 100.0 .0 
3.382 3.950 19.3 261.6 89.9 10.1 
3.387 4.041 19.5 160.4 52.1 37.8 
3.401 3.748 19.8 112.8 28.7 23.4 
2.920 3.296 19.9 84.3 18.9 9.8 
2.925 3.311 20.0 64.6 15.5 3.4 
2.925 3.156 20.1 50.2 12.3 3.2 
2.930 3.386 20.3 39.0 10.5 1.8 
2.449 3.248 20.4 30.3 9.7 .8 
2.455 3.124 20.4 23.7 8.7 1.0 
2.453 2.991 20.4 18.5 7.7 1.0 
2.457 2.910 20.4 14.5 6.9 .8 
2.462 3.221 20.4 11.4 6.0 .9 
2.461 2.859 20.4 9.1 4.8 1.2 
1.953 2.523 20.5 7.2 3.8 1.0 
1.947 2.362 20.5 5.8 2.4 1.4 
1.950 2.473 20.4 Pan - .0 2.4 
1.525 2.080 20.4 
1.512 1.916 20.3 OBSERVED FLOW BEHAVIOUR 
1.518 2.149 20.3 Velocity Observation 
1.515 2.259 20.3 (II/S) (0 = 71.0 _) 
1.513 2.065 20.2 1.12 Sliding bed 
1.034 2.327 20.1 1.61 Asyametric - slid part 
1.043 2.626 20.1 2.10 Asymaetric - slid part 
1.046 2.599 20.0 2.63 Appears hoageneous 
1.047 2.590 20.0 3.15 Appears homgeneous 
1.041 2.611 20.0 3.64 Appears hoaogeneous 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric Concentration 
Solids Mass Concentration (') 
Mean Slurry Temperature (OC) 
Pipe Internal Diameter (mm) 
Pipe Roughness (~.) 
pipeline.Slope 
Pressure Slurry 
UCT 80 mm NB , 
June 1990 









Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/lI) (OC) Size (~.) , Passing , Retained 
3.319 6.236 20.9 564.0 100.0 .0 
3.330 6.069 21.1 261.6 90.9 9.1 
3.343 6.134 21.3 160.4 53.0 37.9 
3.366 6.204 21.5 112.8 29.7 23.3 
2.966 5.334 21.9 84.3 20.0 9.7 
2.981 5.756 22.1 64.6 16.5 3.5 
2.982 5.633 22.2 50.2 13.4 3.1 
2.995 5.303 22.3 39.0 11.5 1.9 
2.470 4.308 22.5 30.3 10.6 .9 
2.466 4.676 22.6 23.7 9.7 .9 
2.465 4.473 22.7 18.5 8.6 1.1 
2.465 4.819 22.7 14.5 7.8 .8 
2.467 4.630 22.7 11.4 6.8 1.0 
1.990 3.630 22.7 9.1 5.5 1.3 
1.989 3.222 22.8 7.2 4.4 1.1 
1.984 3.457 22.8 5.8 2.8 1.6 
1.988 3.361 22.8 Pan .1 2.7 
1.984 3.515 22.8 
1.481 3.008 22.8 OBSERVED FLOW BEHAVIOUR 
1.480 2.926 22.7 Velocity Observation 
1.478 2.930 22.7 (a/s) (D = 71.0 _) 
.960 2.442 22.6 1.02 Appears homogeneous 
.939 2.329 22.5 1.58 Appears homogeneous 
.919 2.370 22.4 2.14 Appears homogeneous 
.898 2.356 22.4 2.66 Appears homogeneous 
.872 2.370 22.3 3.19 Appears homogeneous 
3.57 Appears homogeneous 
Data F1le : VRBOHB1U 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric concentration 
Solids Mass concentration (') 
Mean Slurry Temperature (OC) 
Pipe Internal Diaaeter ( .. ) 
Pipe Roughness (~) 
Pipeline Slope 
Pressure Slurry 
UCT 80 l1li NB 
June 1990 
Vaal Reefs CCT 
2.65 
1.85 






Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
, Passing , Retained (II/S) (kPa/lI) (OC) Size ("a) 
2.426 6.738 22.6 564.0 100.0 .0 
2.476 6.907 22.8 261.6 89.0 11.0 
2.524 7.668 23.0 160.4 50.8 38.2 
2.531 7.030 23.3 112.8 28.0 22.8 
2.519 6.826 23.5 84.3 19.7 8.3 
2.094 6.276 24.4 64.6 16.7 3.0 
2.127 6.445 24.6 50.2 13.6 3.1 
2.140 6.029 24.7 39.0 12.0 1.6 
2.131 6.242 24.9 30.3 11.3 .7 
1.656 4.817 25.3 23.7 10.3 1.0 
1.656 4.856 25.4 18.5 9.2 1.1 
1.657 4.733 25.5 14.5 8.4 .8 
1.364 4.208 25.7 11.4 7.4 1.0 
1.351 4.084 25.8 9.1 6.0 1.4 
1.337 4.065 25.8 7.2 4.8 1.2 
.968 3.427 25.9 5.8 3.1 1.7 
.921 3.299 26.0 Pan .2 2.9 
.879 3.261 26.0 
.627 2.859 26.0 OBSERVED FLOW BEHAVIOUR 
.593 2.793 26.0 Velocity Observation 
.556 2.743 26.0 (II/S) (D - 71.0 l1li) 
.516 2.779 26.0 .53 Appears hOllogeneous 
.493 2.797 26.0 1.05 Appears hOllogeneous 
.587 3.046 25.9 1.44 Appears hOllogeneous 
1.75 Appears hOllogeneous 
2.17 Appears hOllogeneous 
















Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (') 
Mean Slurry Teaperature (OC) 
Pipe Internal Diaaeter (ma) 
Pipe Roughness (#a) 
Pipeline Slope 
Pressure Slurry 
UCT 80 IIIDI HB , 
June 1990 









Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/a) (OC) Size (#a) , Passing , Retained 
1.307 9.534 29.2 564.0 100.0 .0 
1.298 10.047 29.3 261.6 90.2 9.8 
1.278 9.716 29.4 160.4 52.4 37.8 
1.264 9.087 29.4 112.8 29.6 22.8 
1.246 9.268 29.5 84.3 20.6 9.0 
1.239 8.704 29.6 64.6 17.4 3.2 
.941 6.466 29.2 50.2 14.4 3.0 
.945 6.406 29.2 39.0 12.7 1.7 
.931 6.518 29.2 30.3 12.0 .7 
.924 6.510 29.2 23.7 11.0 1.0 
.901 6.403 29.2 18.5 9.9 1.1 
.908 6.495 29.2 14.5 9.2 .7 
.678 5.722 29.3 11.4 8.1 1.1 
.681 5.764 29.4 9.1 6.6 1.5 
.681 5.742 29.5 7.2 5.3 1.3 
.684 5.712 29.5 5.8 3.4 1.9 
.681 5.742 29.4 Pan .1 3.3 
.442 4.724 29.4 
.431 4.634 29.4 OBSERVED FLOW BEHAVIOUR 
.428 4.580 29.3 Velocity Observation 
.422 4.709 29.3 (a/s) (D .. 71.0 _) 
.417 4.725 29.3 1.09 Appears hoaogeneous 
.415 4.699 29.3 1.37 Appears homogeneous 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric Concentration 
Solids Mass Concentration (t) 
Mean Slurry Teaperature (OC) 
Pipe Internal Dia.eter (mm) 
Pipe Roughness (~a) 
Pipeline Slope 
Pressure Slurry 
UCT 80 mm HB . 
June 1990 









Particle Size Distribution 
Velocity Gradient T_p. Malvern Particle Size Analyser 
(a,s) (kPa,a) (OC) Size (~a) t Passing t Retained 
3.424 -12.629 17.8 564.0 100.0 .0 
3.439 -12.955 17.8 261.6 88.2 11.8 
3.445 -12.927 17.9 160.4 49.9 38.3 
3.450 -12.890 18.0 112.8 27.1 22.8 
3.437 -12.807 18.0 84.3 18.0 9.1 
3.447 -13.009 18.1 64.6 14.6 3.4 
3.443 -12.920 18.1 50.2 11.5 3.1 
2.965 -13.742 18.3 39.0 9.8 1.7 
2.951 -13.669 18.3 30.3 9.0 .8 
2.960 -13.769 18.3 23.7 8.0 1.0 
2.950 -13.766 18.3 18.5 7.0 1.0 
2.439 -14.710 18.4 14.5 6.2 .8 
2.442 -14.698 18.4 11.4 5.3 .9 
2.437 -14.809 18.4 9.1 4.2 1.1 
2.012 -15.331 18.3 7.2 3.3 .9 
2.022 -15.412 18.3 5.8 2.1 1.2 
2.025 -15.272 18.3 Pan .1 2.0 
2.023 -15.345 18.3 
2.021 -15.361 18.3 OBSERVED FLOW BEHAVIOUR 
1.489 -15.705 18.3 Velocity Observation 
1.484 -15.762 18.3 (a'8) (D - 71.0 _) 
1.484 -15.746 18.2 
1.031 -15.896 18.2 
1.038 -15.763 18.2 
1.034 -15.873 18.1 
1.040 -15.782 18.1 
1.031 -15.772 18.1 
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Material Relative Density 
Slurry Relative Density 
Solids Voluaetric Concentration 
Solids Mass Concentration (') 
Mean Slurry Teaperature (OC) 
Pipe Internal Diameter (11m) 
Pipe Roughness (~m) 
Pipeline Slope 
UCT 80 DUD NB 
June 1990 









Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Teap. Malvern Particle SiZe Analyser 
(a/a) (kPa/m) (OC) Size (~.) , Passing , Retained 
3.427 -13.869 17.7 564.0 100.0 .0 
3.424 -13.277 17.8 261.6 87.3 12.7 
3.430 -13.645 18.0 160.4 49.9 37.4 
3.437 -13.806 18.1 112.8 28.2 21.7 
3.434 -13.748 18.2 84.3 19.2 9.0 
3.440 -13.652 18.3 64.6 16.2 3.0 
2.897 -14.396 18.6 50.2 13.1 3.1 
2.898 -14.188 18.7 39.0 11.2 1.9 
2.897 -14.249 18.8 30.3 10.3 .9 
2.902 -14.305 18.9 23.7 9.2 1.1 
2.902 -14.219 18.9 18.5 8.0 1.2 
2.454 -14.825 19.1 14.5 7.1 .9 
2.455 -14.781 19.2 11.4 6.1 1.0 
2.457 -14.855 19.2 9.1 4.8 1.3 
1.962 -15.314 19.4 7.2 3.7 1.1 
1.961 -15.318 19.4 5.8 2.2 1.5 
1.956 -15.280 19.4 Pan - .2 2.4 
1.473 -15.218 19.5 
1.465 -15.524 19.5 OBSERVED FLOW BEHAVIOUR 
1.462 -15.400 19.5 Velocity Observation 
1.463 -15.440 19.5 (m/s) (D = 71.0 _) 
1.477 -15.460 19.6 
1.470 -15.518 19.6 
1.004 -15.772 19.6 
.996 -16.116 19.6 
1.006 -15.976 19.6 
1.005 -15.942 19.5 
2 
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Material Relative Density 
Slurry Relative Density 
Solids Volumetric concentration 
Solids Mass Concentration (t) 
Mean Slurry Teaperature (OC) 
Pipe Internal Diaaeter ( .. ) 
Pipe Roughness (~a) 
Pipeline Slope 
UCT 80 mm NB 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient 'l'ellp. Malvern Particle Size Analyser 
(a/s) (kPa/a) ( °C) Size (~a) t Passing t Retained 
3.371 -12.816 19.2 564.0 100.0 .0 
3.382 -13.046 19.3 261.6 89.9 10.1 
3.387 -12.922 19.5 160.4 52.1 37.8 
3.401 -12.705 19.8 112.8 28.7 23.4 
2.920 -13.561 19.9 84.3 18.9 9.8 
2.925 -13.680 20.0 64.6 15.5 3.4 
2.925 -13.721 20.1 50.2 12.3 3.2 
2.930 -13.656 20.3 39.0 10.5 1.8 
2.449 -14.261 20.4 30.3 9.7 .8 
2.455 -14.219 20.4 23.7 8.7 1.0 
2.453 -14.278 20.4 18.5 7.7 1.0 
2.457 -14.262 20.4 14.5 6.9 .8 
2.462 -14.429 20.4 11.4 6.0 .9 
2.461 -14 .176 20.4 9.1 4.8 1.2 
1.953 -14.908 20.5 7.2 3.8 1.0 
1.947 -14.817 20.5 5.8 2.4 1.4 
1.950 -14.910 20.4 Pan - .0 2.4 
1.525 -15.245 20.4 
1.512 -15.267 20.3 OBSERVED FLOW BEHAVIOUR 
1.518 -15.244 20.3 Velocity Observation 
1.515 -15.309 20.3 (a/s) (D .. 71.0 l1li) 
1.513 -15.306 20.2 
1.034 -14.436 20.1 
1.043 -13.937 20.1 
1.046 -14.573 20.0 
1.047 -14.443 20.0 
1.b41 -14.282 20.0 
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Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (') 
Mean Slurry Temperature (OC) 
Pipe Internal Diaaeter (mm) 
Pipe Roughness (~a) 
Pipeline Slope 
UCT 80 IDID NB . 
June 1990 









Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(m/s) (kPa/m) (ec) Size (~.) , Passing , Retained 
3.319 -10.301 20.9 564.0 100.0 .0 
3.330 -10.492 21.1 261.6 90.9 9.1 
3.343 -10.202 21.3 160.4 53.0 37.9 
3.366 -10.410 21.5 112.8 29.7 23.3 
2.966 -11. 284 21.9 84.3 20.0 9.7 
2.981 -11.568 22.1 64.6 16.5 3.5 
2.982 -11.544 22.2 50.2 13.4 3.1 
2.995 -11.411 22.3 39.0 11.5 1.9 
2.470 -12.233 22.5 30.3 10.6 .9 
2.466 -12.502 22.6 23.7 9.7 .9 
2.465 -12.421 22.7 18.5 8.6 1.1 
2.465 -12.282 22.7 14.5 7.8 .8 
2.467 -12.366 22.7 11.4 6.8 1.0 
1.990 -13.298 22.7 9.1 5.5 1.3 
1.989 -13.210 22.8 7.2 4.4 1.1 
1.984 -13.227 22.8 5.8 2.8 1.6 
1.988 -13.271 22.8 Pan .1 2.7 
1.984 -13.266 22.8 
1.481 -14.156 22.8 OBSERVED FLOW BEHAVIOUR 
1.480 -14;350 22.7 velocity Observation 
1.478 -14.340 22.7 (a/s) (0 - 71.0 _) 
.960 -15.231 22.6 
.939 -15.056 22.5 
.919 -15.343 22.4 
.898 -14.898 22.4 
.872 -14.908 22.3 
2 
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Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (t) 
Mean Slurry Temperature COC) 
Pipe Internal Dia.eter (am) 
pipe Roughness (~a) 
Pipeline Slope 
ucr 80 _ NB . 
June 1990 
Vaal Reefs ccr 
2.65 
1.85 






Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient TeIlp. Malvern Particle Size Analyser 
(a,s) (kPa,a) (ec) Size (~a) t Passing t Retained 
2.426 - 8.298 22.6 564.0 100.0 .0 
2.476 - 8.300 22.8 261.6 89.0 11.0 
2.524 - 8.783 23.0 160.4 50.8 38.2 
2.531 - 8.600 23.3 112.8 28.0 22.8 
2.519 - 8.535 23.5 84.3 19.7 8.3 
2.094 -10.393 24.4 64.6 16.7 3.0 
2.127 -10.584 24.6 50.2 13.6 3.1 
2.140 -10.041 24.7 39.0 12.0 1.6 
2.131 -10.157 24.9 30.3 11. 3 .7 
1.656 -12.093 25.3 23.7 10.3 1.0 
1.656 -12.116 25.4 18.5 9.2 1.1 
1.657 -12.083 25.5 14.5 8.4 .8 
1.364 -13.330 25.7 11.4 7.4 1.0 
1.351 -13.313 25.8 9.1 6.0 1.4 
1.337 -13.377 25.8 7.2 4.8 1.2 
.968 -14.209 25.9 5.8 3.1 1.7 
.921 -14.282 26.0 Pan .2 2.9 
.879 -14.341 26.0 
.627 -15.109 26.0 OBSERVED FLOW BEHAVIOUR 
.593 -13.766 26.0 Velocity Observation 
.556 -13.512 26.0 Ca,s) (D - 71.0 _) 
.516 -15.351 26.0 
.493 -15.051 26.0 
.587 -14.469 25.9 
Data F11e : VR80D85U 
2 I I I I I I I 
0 r- "- -
'E- 2 r- -
" .. Q.- 4 r -
~ 
~- 6 
c r -.. .... 
8 ,,- - IlII -.. 
L 
" -10 r- rI -.. 
L 
:::J -12 .. r- t!! -.. • ~ -14 r ~ dI!J -Q. t!! 
'!Jt!! 
-16 r -
-18 I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 









c .... 70 .. .. .. 60 
Q. .. 50 
CI .. 
~ 40 c .. 




1 10 100 1000 10000 











DATA FILE WD25H67U 
Test Facility UCT 25 mm HB 
Test Date June 1990 
Material Description Western Deeps CCT 
20 
Data File WD25H67U 
I I I I I I 
Material Relative Density 2.65 
Slurry Relative Density 1.67 
Solids Volulletric Concentration (\) 40.61 
18 - -
Solids Mass Concentration (\) 64.43 
Mean Slurry Tellperature ('C) 14.9 
Pipe Internal Dialleter (ma) 26.60 
Pipe Roughness (~) 21.0 
pipeline Slope Horizontal 
E 16 - -
" .. 11. 14 - -~ 
~ 12 - -c: • ort 
10 • 'D ~ -.. c-
al 8 - -
II • c-
::J 6 - II -III 
10 • 4 c.. - -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Tellp. Malvern Particle Size Analyser 
(II/S) (kPa/lI) ( ·C) Size (~II) 'Passing \ Retained 
3.371 9.798 14.3 564.0 100.0 .0 
3.423 10.038 14.3 261.6 95.9 4.1 
3.406 9.798 14.4 160.4 73.6 22.3 
3.389 9.836 14.5 112.8 48.7 24.9 
2.932 7.614 14.7 84.3 35.8 12.9 
2.937 7.719 14.7 64.6 28.9 6.9 
2.930 7.533 14.8 50.2 23.7 5.2 
2.947 7.716 14.8 39.0 20.8 2.9 
2.546 5.903 15.0 30.3 18.4 2.4 
2.542 5.632 15.0 23.7 16.2 2.2 11. 
2 - CI m -2.560 5.810 15.0 18.5 14.6 1.6 2.129 3.858 15.1 14.5 13.2 1.4 
2.133 3.837 15.1 11.4 11.6 1.6 
0 I 1 L 1 I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.124 3.865 15.1 9.1 .9.6 2.0 
1.683 2.486 15.2 7.2 7.6 2.0 
.1.680 2.492 15.2 5.8 4.8 2.8 
1.684 2.474 15.2 Pan - .0 4.8 Mixture Velocity (m/a) 
1.304 1.868 15.2 > 
t-' 
N 
1.303 1.925 15.2 OBSERVED FLOW BEHAVIOUR 














~ 40 c: 
II 





1 10 100 1000 











DATA PILE WD25H73U 
20 
Data File: WD25H73U 
I I I I I I I 
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description Western Deeps CCT 
18 ~ -Material Relative Density 2.65 Slurry Relative Density 1.73 
Solids Voluaetric COncentration (\) 44.24 
E 16 !- -
"-
III 
Q. 14 ,... -~ 
Solids Mass Concentration (\) 67.77 
Mean Slurry Teaperature (·C) 16.1 
pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Horizontal 
.JJ 12 - -C 
II .... 
10 1:1 - -III 
t. If (!) 8 ~ -
II 
t. II ::l 6 ~ -II 
II. a ., 
4 m t. - -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/m) (. C) Size (~.) 'Passing \ Retained 
3.371 8.115 15.5 564.0 100.0 .0 
3.375 8.446 15.6 261.6 96.3 3.7 
3.407 8.449 15.6 160.4 75.3 21.0 
3.411 8.530 15.7 112.8 50.5 24.8 
3.416 8.740 15.8 84.3 37.0 13.5 
3.437 8.706 15.9 64.6 30.5 6.5 
2.984 6.416 16.0 50.2 24.9 5.6 
2.983 6.580 16.1 39.0 21.6 3.3 
2.983 6.650 16.1 30.3 19.3 2.3 
2.554 5.062 16.3 23.7 16.9 2.4 Q. m 
2 - m -2.543 5.191 16.3 18.5 15.3 1.6 2.540 5.181 16.3 14.5 14.0 1.3 
2.128 4.077 16.4 11.4 12.3 1.7 
0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.126 4.133 16.4 9.1 10.3 2.0 
2.126 4.101 16.4 7.2 8.2 . 2.1 
1.682 3.228 16.4 5.8 5.2 3.0 
Mixture Velocity (m/s) 1.675 3.231 16.4 Pan .1 5.1 
1.677 3.281 16.4 
1.284 2.515 16.5 OBSERVED FLOW BEHAVlOUR > 
.... 
N 
1.279 2.447 16.4 Velocity Observation 













.JJ 40 c 
II 





1 10 100 1000 10000 











DATA PILE WD25H76U 
Test Facility UCT 25 ma MB 
Test Date June 1990 
Material Description Western Deeps CCT 
20 
Data File: WD25H76U 
I I I I I I I 
Material Relative Density 2.65 
Slurry Relative Density 1.76 
Solids Vo1uaetric concentration (%) 46.06 
18 r- -
Solids Mass concentration (%) 69.35 
Mean Slurry Temperature (·C) 17.6 
Pipe Internal Diameter (ma) 26.60 
Pipe Roughness (~) 21.0 
Pipeline Slope Horizontal 
e 16 :- -....... ., 
11. 14 - -~ 
.f.I 12 - -c ., .... 
10 • 'tI - -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/lI) ( ·C) Size (I'll) , Passing , Retained 
3.480 10.107 16.8 564.0 100.0 .0 ., 
L 
(!J 8 - II -
3.467 10.071 16.9 261.6 94.9 5.1 
3.485 10.074 17.0 160.4 74.0 20.9 
3.506 10.198 17.1 112.8 50.9 23.1 
II • L ::1 6 - II -II 3.525 10.006 17.1 84.3 37.0 13.9 3.544 10.223 17.2 64.6 30.9 6.1 2.969 8.173 17.5 50.2 26.4 4.5 
II • II L 4 l- I! -11. 2.968 8.134 17.5 39.0 22.7 3.7 2.966 8.075 17.6 30.3 20.2 2.5 2.975 8.179 17.6 23.7 18.4 1.8 
2.552 6.860 17.7 18.5 16.4 2.0 
2.552 7.062 17.7 14.5 14.8 1.6 2 r- -
2.545 6.985 17.8 11.4 13.1 1.7 
0 I I I I I I '~ 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.129 5.841 17.9 9.1 10.9 2.2 
2.133 5.972 17.9 7.2 8.6 2.3 
2.122 5.943 17.9 5.8 5.4 3.2 
Mixture Velocity (m/s) 
> 
1.683 4.647 17.9 Pan .0 5.4 
1.679 4.814 17.9 
1.678 4.722 17.9 OBSERVED FLOW BEHAVIOUR 




1.269 3.644 17.9 (II/S) (0 = .0 ma) 




C .... 70 
II 
II ., 60 
11. ., 50 
CI ., 
40J 40 c ., 





1 10 100 1000 10000 
















UCT 25 mm HB 
June 1990 
Western Deeps CCT 
2.65 
1. 79 
Material Relative Density 
Slurry Relative Density· 
Solids Volumetric Concentration 
Solids Mass Concentration C\) 
Mean Slurry Temperature C·C) 
Pipe Internal Diameter Cmm) 








Mixture Pressure Slurry Particle Size Distribution 
Malvern Particle Size Analyser Velocity Gradient Temp. 
Cm/s) CkPa/m) C ·C) Size (~m) \ Passing \ Retained 
3.431 12.865 18.6 564.0 100.0 .0 
3.480 13.133 18.7 261.6 97.6 2.4 
3.518 13.252 18.8 160.4 76.9 20.7 
2.937 10.804 19.3 112.8 50.7 26.2 
2.956 11.045 19.3 84.3 37.4 13.3 
2.949 11.105 19.4 64.6 31.0 6.4 
2.958 10.927 19.5 50.2 25.6 5.4 
2.548 9.356 19.6 39.0 22.1 3.5 
2.540 9.194 19.7 30.3 19.9 2.2 
2.552 9.261 19.7 23.7 18.0 1.9 
2.101 7.851 19.8 18.5 16.1 1.9 
2.097 7.815 19.8 14.5 14.6 1.5 
2.093 8.024 19.8 11.4 13.0 1.6 
1.678 6.473 19.8 9.1 10.8 2.2 
1.678 6.342 19.8 7.2 8.7 2.1 
1.682 6.547 19.8 5.8 5.6 3.1 
1.671 6.559 19.8 Pan .1 5.5 
1.222 4.995 19.8 
1.216 5.084 19.8 OBSERVED FLOW BEHAVIOUR 
1.213 5.006 19.7 Velocity Observation 
e 






























Data Flle WD25H79U 





12 f- -• 10 I- -.. 
8 f- II -




0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
















1 10 100 1000 10000 
















Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Tellperature ("C) 
Pipe Internal Dia.eter (mm) 
Pipe Roughness (I'll) 
Pipeline Slope 
Pressure Slurry 
UCT 25 mm NB 
June 1990 . 









Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle size Analyser 
( "C) Size (~.) % Passing % Retained (m/s) (kPa/.) 
3.234 15.824 20.0 564.0 100.0 .0 
3.272 16.231 20.1 261.6 96.7 3.3 
3.273 16.207 20.2 160.4 75.6 21.1 
2.987 14.792 20.6 112.8 50.3 25.3 
3.022 15.065 20.7 84.3 37.2 13.1 
3.001 14.546 20.8 64.6 30.5 6.7 
2.550 12.670 21.1 50.2 25.0 5.5 
2.556 12.803 21.1 39.0 22.2 2.8 
2.575 12.806 21.2 30.3 19.9 2.3 
2.115 10.733 21.3 23.7 17.4 2.5 
2.115 10.632 21.4 18.5 15.9 1.5 
2.112 10.770 21.4 14.5 14.5 1.4 
1.681 8.715 21.4 11.4 12.7 1.8 
1.673 8.612 21.4 9.1 10.6 2.1 
1.671 8.528 21.4 7.2 8.4 2.2 
1.267 7.075 21.4 5.8 5.2 3.2 
1.255 7.062 21.4 Pan - .3 5.5 





















t. • a.. 
20 
Data F1le : WD25H82U 
I I I I I I I 
18 r- -
16 r- J9I -
~ 14 r- -
• 12 r -
10 r- • -
• 8 r- -• 6 r -
4 r -
2 r -
0 ~ I I I I I 
,,0 .5 1,,0 1.5 2.0 2.5 3.0 3.5 4.0 
















1 10 100 1000 10000 













DATA FILE WD25H85U 
Test Facility UCT 25 am NB 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.85 
Solids Volumetric Concentration (\) 51.52 
Solids Mass Concentration (\) 73.79 
Mean Slurry Temperature ('C) 21.1 
pipe Internal Diameter (am) 26.60 
pipe Rougbness ("a) 21.0 

















































Particle Size Distribution 
Malvern Particle Size Analyser 
Size ("m) \ Passing \ Retained 
564.0 100.0 .0 
261.6 96.4 3.6 
160.4 76.0 20.4 
112.8 50.7 25.3 
84.3 37.6 13.1 
64.6 30.6 7.0 
50.2 25.3 5.3 
39.0 22.2 3.1 
30.3 19.8 2.4 
23.7 17.7 2.1 
18.5 16.0 1.7 
14.5 14.6 1.4 
11.4 13.0 1.6 
9.1 10.9 2.1 
7.2 8.7 2.2 
5.8 5.5 3.2 















:::J 6 -II 
II 















.f.J 40 c: 
II 





Data File: WD25H85U 
I I I I I I I 
-
m -






I I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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DATA FILE WD25D67U 
Test Facility UCT 25 mm HB 
Test Date June 1990 
Material Description Western Deeps CCT 
0 
Data File : WD25D67U 
I I I I I I I 
Material Relative Density 2.65 
Slurry Relative Density 1.67 
Solids Voluaetric Concentration (%) 40.61 
Solids Mass Concentration (%) 64.43 
Mean Slurry Temperature ('C) 14.9 
Pipe Internal Diameter (mm) 26.60 
pipe Roughness (~m) 21.0 
Pipeline Slope Vertical Down 
- 2 r- -
e 




- 6 "'" -~ 
C 
ID .... 
8 '0- - -
10 
i c. (!) 
ID -10 .... II -C. 
::J 
Ul 
: -12 - iI -
C. 
Q. Ii 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~.) % Passing % Retained 
3.371 - 7.328 14.3 564.0 100.0 .0 
3.423 - 6.899 14.3 261.6 95.9 4.1 
3.406 - 6.923 14.4 160.4 73.6 22.3 
3.389 - 7.030 14.5 112.8 48.7 24.9 
2.932 - 9.231 14.7 84.3 35.8 12.9 
2.937 - 8.773 14.7 64.6 28.9 6.9 
2.930 - 9.124 14.8 50.2 23.7 5.2 
2.947 - 9.112 14.8 39.0 20.8 2.9 
2.546 -10.468 15.0 30.3 18.4 2.4 
2.542 -10.459 15.0 23.7 16.2 2.2 
-14 - II -2.560 -10.335 15.0 18.5 14.6 1.6 2.129 -12.216 15.1 14.5 13.2 1.4 
2.133 -12.248 15.1 11.4 11.6 1.6 
-16 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.124 -12.046 15.1 9.1 9.6 2.0 
1.683 -13.509 15.2 7.2 7.6 2.0 
1.680 -13.192 15.2 5.8 4.8 2.8 
Mixture Velocity (m/s) 
> 
1.684 -13.396 15.2 Pan - .0 4.8 
1.304 -14.175 15.2 
1.303 -14.246 15.2 OBSERVED FLOW BEHAVIOUR 
















~ 40 c 
ID 





1 10 100 1000 10000 











DATA FILE WD25D73U 
Test Facility UCT 25 mm NB 
Test Date June 1990 
0 
Data Flle : WD25D73U 
I I I I I I 
Material Description western Deeps CCT 
Material Relative Density 2.65 - 2 t- -
Slurry Relative Density 1.73 
Solids Volumetric Concentration (%) 44.24 
Solids Mass Concentration (%) 67.77 
Mean Slurry Temperature (·C) 16.1 
pipe Internal Diameter (mm) 26.60 
Pipe Roughness (~.) 21.0 
Pipeline Slope Vertical Down 




- 6 t- ~ -
~ I c QI .... 
8 'C - t- -
10 II 
'-(!) 




Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
3.371 - 5.959 15.5 564.0 100.0 .0 
3.375 - 7.186 15.6 261.6 96.3 3.7 
3.407 - 6.475 15.6 160.4 75.3 21.0 
3.411 - 6.749 15.7 112.8 50.5 24.8 
3.416 - 7.156 15.8 84.3 37.0 13.5 
3.437 - 6.548 15.9 64.6 30.5 6.5 
UJ -12 t- -QI 
'- II Q. 
-14 t- m -
2.984 - 8.543 16.0 50.2 24.9 5.6 
2.983 - 8.551 16.1 39.0 21.6 3.3 
2.983 - 8.632 16.1 30.3 19.3 2.3 
2.554 -10.165 16.3 23.7 16.9 2.4 
2.543 -10.238 16.3 18.5 15.3 1.6 
2.540 -10.264 16.3 14.5 14.0 1.3 
2.128 -11.763 16.4 11.4 12.3 1.7 
-16 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.126 -11.878 16.4 9.1 10.3 2.0 
2.126 -11.740 16.4 7.2 8.2 2.1 
1.682 -13.163 16.4 5.8 5.2 3.0 
1.675 -13.039 16.4 Pan .1 5.1 Mixture Velocity (m/s) 
1.677 -13.0a5 16.4 > 
I-' 
N 
1.284 -14.075 16.5 OBSERVED FLOW BEHAVIOUR 
1.279 -14.030 16.4 Velocity Observation 




















1 10 100 1000 10000 











DATA FILE WD25D76U 
Test Facility UCT 25 am NB 
Test Date June 1990 
Material Description western Deeps CCT 
0 
Data File: WD25D76U 
I I I I I I I 
Material Relative Density 2.65 
slurry Relative Density 1.76 
Solids Volumetric Concentration (%) 46.06 
Solids Mass Concentration (%) 69.35 
Mean Slurry Temperature (·C) 17.6 
Pipe Internal Diameter (am) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Vertical Down 
- 2 - -
E ,- 4 ~ -10 j a. il! 
- 6 ~ -
~ 
c 
, II ... 
8 'D- r -., 
Mixture Pressure Slurry Particle size Distribution 
Velocity Gradient Temp. Malvern Particle size Analyser 
(m/s) (kPa/a) ( ·C) size (~m) % Passing % Retained 
3.480 - 5.109 16.8 564.0 100.0 .0 
3.467 - 5.002 16.9 261.6 94.9 5.1 t-
3.485 - 4.546 17.0 160.4 74.0 20.9 tl) 




In -12 - at -II 
3.525 - 4.236 17.1 84.3 37.0 13.9 
3.544 - 4.836 17.2 64.6 30.9 6.1 
2.969 - 7.501 17.5 50.2 26.4 4.5 




2.966 - 7.320 17.6 30.3 20.2 2.5 
2.975 - 7.550 17.6 23.7 18.4 1.8 
2.552 - 8.775 17.7 18.5 16.4 2.0 -14 - -
2.552 - 9.012 17.7 14.5 14.8 1.6 
2.545 - 8.944 17.8 11.4 13.1 1.7 
-16 I I I I I I I 
2.129 -10.568 17.9 9.1 10.9 2.2 
2.133 -10.657 17.9 7.2 8.6 2.3 
2.122 -10.644 17.9 5.8 5.4 3.2 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/e) 
> 
1.683 -12.092 17.9 Pan .0 5.4 
1.679 -12.159 17.9 
1.678 -12.226 17.9 OBSERVED FLOW BEHAVIOUR ..... 
N 
\0 
1.272 -13.384 17.9 Velocity Observation 
1.269 -13.426 17.9 (m/s) (0 = .0 am) 




C ... 70 
UI 
II) 
10 60 a. 
GI 50 
CI ., 
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DATA FILE WD25D79U Data F1le : WD25D79U 
0 I I I I I I I Test Facility UCT 25 mm MB 
Test Date June 1990 
Material Description western Deeps CCT 
- 2 I- q8I -
e ,- 4 I- -III 
Q. ~ ~ 
6 - -
Material Relative Density 2.65 
slurry Relative Density 1.79 
Solids Volumetric concentration (%) 47.88 
SOlids Mass Concentration (\) 70.88 
Mean Slurry Temperature (·C) 19.5 
Pipe Internal Diaaeter (am) 26.60 
Pipe Roughness (~.) 21.0 
Pipeline Slope vertical Down 
~ B c 
GI ... 




Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(II/S) (kPa/m) ( ·C) size (~.) \ Passing \ Retained 
3.431 - 1. 984 18.6 564.0 100.0 .0 
3.480 - 2.140 18.7 261.6 97.6 2.4 
3.518 - 1.915 18.8 160.4 76.9 20.7 
u -10 - • -t. 2.937 - 4.723 19.3 112.8 50.7 26.2 2.956 - 4.701 19.3 84.3 37.4 13.3 ::J 
I/J 
I/J -12 I- -II 
2.949 - 5.033 19.4 64.6 31.0 6.4 
2.958 - 4.748 19.5 50.2 25.6 5.4 
2.548 - 6.446 19.6 39.0 22.1 3.5 
t. 
Q. 2.540 - 6.444 19.7 30.3 19.9 2.2 
2.552 - 6.414 19.7 23.7 18.0 1.9 
2.101 - 8.538 19.8 18.5 16.1 1.9 -14 I- -
2.097 - 8.451 19.8 14.5 14.6 1.5 
2.093 - 8.585 19.8 11.4 13.0 1.6 
-16 I I I I I I 
1.678 -10.260 19.8 9.1 10.8 2.2 
1.678 -10.400 19.8 7.2 8.7 2.1 
1.682 -10.487 19.8 5.8 5.6 3.1 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
M1xture Veloc1ty (m/a) 
>-
1.671 -10.366 19.8 Pan .1 5.5 
1.222 -12.274 19.8 
1.216 -12.345 '19.8 OBSERVED FLOW BEHAVIOUR 















~ 40 c 
II 
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DATA FILE .o25D82U Data File : WD25D82U 
~ 
Test Facility UCT 25 mm HB 0 I I I I a ... I 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 - 2 ... -Slurry Relative Density 1.82 
Solids Volumetric Concentration (%) 49.70 
Solids Mass Concentration (%) 72.36 E 
Mean Slurry Temperature ( • C) 21.0 '-- 4 I- -., 
Pipe Internal Diaaeter (mm) 26.60 Q. 
pipe Roughness (~m) 21.0 ~ Pipeline Slope Vertical Down - 6 - -
Mixture Slurry particle size Distribution 
.., 
Pressure c 
Velocity Gradient Temp. Malvern Particle Size Analyser ., 
(Ills) (kPa/ll) ( 'C) size (~.) % Passing % Retained .... 8 'D - -3.234 1.609 20.0 564.0 100.0 .0 ., II 
3.272 1.813 20.1 261.6 96.7 3.3 L 
3.273 1.981 20.2 160.4 75.6 21.1 (!) 
2.987 .088 20.6 112.8 50.3 25.3 ., -10 - -
3.022 .108 20.7 84.3 37.2 13.1 L I!I 
3.001 .079 20.8 64.6 30.5 6.7 :::J II 
2.550 - 3.434 21.1 50.2 25.0 5.5 II -12 - -2.115 - 6.295 21.3 39.0 22.2 2.8 ., 
2.115 - 6.370 21.4 30.3 19.9 2.3 L 
2.112 - 6.344 21.4 23.7 17.4 2.5 
Q. 
1.681 - 8.455 21.4 18.5 15.9 1.5 -14 - -
1.673 - 8.543 21.4 14.5 14.5 1.4 
1.671 - 8.490 21.4 11.4 12.7 1.'8 
1.267 . -10.579 21.4 9.1 10.6 2.1 
-16 I I I I I I I 1.255 -10.533 21.4 7.2 8.4 2.2 
1.255 -10.562 21.4 5.8 5.2 3.2 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 









c .... 70 
UJ 
II ., 60 
Q. ., 50 
CI ., .., 
40 c ., 





1 10 100 1000 10000 













DATA FILE WD25D85U 





CCT Material Description 
Material Relative Density 
slurry Relative Density 
SOlids Volumetric Concentration 
solids Mass Concentration (\) 
Mean Slurry Teaperature ("C) 
pipe Internal Diameter (am) 























































particle Size Distribution 
Malvern Particle Size Analyser 
Size (pm) \ passing \ Retained 
564.0 100.0 .0 
261.6 96.4 3.6 
160.4 76.0 20.4 
112.8 50.7 25.3 
84.3 37.6 13.1 
64.6 30.6 7.0 
50.2 25.3 5.3 
39.0 22.2 3.1 
30.3 19.8 2.4 
23.7 17.7 2.1 
18.5 16.0 1. 7 
14.5 14.6 1.4 
11.4 13.0 1.6 
9.1 10.9 2.1 
7.2 8.7 2.2 
5.8 5.5 3.2 
pan .0 5.5 
Data File: WD25D85U 























-16 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 











GI 50 a 
III 
~ 40 c ., 





1 10 100 1000 











DATA FILE WD25U67U 
Test Facility UCT 25 am HB 
Test Date June 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
36 
Data File: WD25U67U 
I I I I I T I 
Slurry Relative Density 1.67 
solids volumetric Concentration (%) 40.61 
34 t- -
SOlids Mass Concentration (%) 64.43 
Mean Slurry Temperature ('C) 14.9 E 32 t- -
pipe Internal Diaaeter (am) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Vertical Up 





" II 26 - -.... 13 'D 
III 24 - • -t. 
Mixture Pressure Slurry Particle size Distribution 
Velocity Gradient Temp. Malvern Particle size Analyser 
(m/s) (kPa/m) (. C) Size (~m) , Passing , Retained 
3.371 25.528 14.3 564.0 100.0 .0 
3.423 26.542 14.3 261.6 95.9 4.1 
3.406 26.476 14.4 160.4 73.6 22.3 
(!) 
II 22 - • -t. 3.389 26.258 l4.5 112.8 48.7 24.9 2.932 23.973 14.7 84.3 35.8 12.9 2.937 23.911 14.7 64.6 28.9 6.9 
:::J 
20 II - II -I) 
II I!I t. 18 - II Q. -
2.930 24.120 l4.8 50.2 23.7 5.2 
2.947 24.044 14.8 39.0 20.8 2.9 
2.546 21.919 15.0 30.3 18.4 2.4 
2.542 22.234 15.0 23.7 16.2 2.2 
2.560 22.084 15.0 18.5 14.6 1.6 
16 t- -2.129 19.657 15.1 14.5 13.2 1.4 2.133 19.660 15.1 11.4 11.6 1.6 
14 I I I I I I I 
2.124 19.793 15.1 9.1 9.6 2.0 
1.683 18.538 15.2 7.2 7.6 2.0 
1.680 18.579 15.2 5.8 4.8 2.8 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/a) 
~ 
1.684 18.539 15.2 Pan - .0 4.8 
1.304 18.162 15.2 
1.303 18.061 15.2 OBSERVED FLOW BEHAVIOUR 















-tJ 40 c 
II 





1 10 100 1000 10000 











DATA FILE WD25U73U 
Test Facility UCT 25 mm NB 
36 Data File: WD25U73U 
I I I I I I I 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
34 I- -Slurry Relative Density 1.73 Solids Volumetric Concentration (\) 44.24 
E 32 -
"- -
II 30 l-ll. 
~ -
Solids Mass Concentration (\) 67.77 
Mean Slurry Temperature (·C) 16.1 
Pipe Internal Dia.eter (mm) 26.60 
Pipe Roughness (~_) 21.0 




II 26 -.... 
It -'D II 24 -t. 
C!I a -
II 22 I- g t. -
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(_/s) (kPa/m) ( ·C) Size (I'll) \ passing \ Retained 
3.371 25.640 15.5 564.0 100.0 .0 
3.375 24.841 15.6 261.6 96.3 3.7 
3.407 25.560 15.6 160.4 75.3 21.0 
3.411 25.078 15.7 112.8 50.5 24.8 
3.416 25.129 15.8 84.3 37.0 13.5 
3.437 25.236 15.9 64.6 30.5 6.5 
::::J II ., 20 - II ., -
II II 
2.984 23.388 16.0 50.2 24.9 5.6 
2.983 23.209 16.1 39.0 21.6 3.3 
2.983 22.961 16.1 30.3 19.3 2.3 
t. 1B l-ll. -2.554 22.022 16.3 23.7 16.9 2.4 2.543 22.180 16.3 18.5 15.3 1.6 
16 - -
2.540 21.728 16.3 14.5 .:.4.0 1.3 
2.128 20.982 16.4 11.4 12.3 1.7 
2.126 20.833 16.4 9.1 10.3 2.0 
2.126 20.948 16.4 7.2 8.2 2.1 14 I I I J I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) > . 
1.682 19.993 16.4 5.8 5.2 3.0 
1.675 20.215 16.4 Pan .1 5.1 
1.677 20.037 16.4 
1. 284 19.179 16.5 OBSERVED FLOW BEHAVIOUR ..... 
w 
~ 
1.279 19.278 16.4 Velocity Observation 





C .... 70 ., ., 
II 60 
Il. 
II 50 III 
II 
~ 40 c 
II 





1 10 100 1000 













DATA FILE WD25U76U 
Test Facility UCT 25 am NB 
Test Date June 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
36 
Data File: W025U76U 
I I I I I I I 
Slurry Relative Density 1.76 
Solids Vo1uaetric Concentration (%) 46.06 
34 I- -
Solids MaSS Concentration (%) 69.35 
Mean Slurry Temperature (·C) 17.6 
Pipe Internal Diameter (am) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope Vertical Up 
E 32 I- -
" II 30 I- -Q. 
~ 
28 l- • -~ c ., 26 l- I -ort 't:I 
II 24 r -'-
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(_/s) (kPa/m) ( ·C) Size (~-) % Passing % Retained 
3.480 27.695 16.8 564.0 100.0 .0 
3.467 27.102 16.9 261.6 94.9 5.1 
3.485 27.617 17.0 160.4 74.0 20.9 
3.506 27.232 17.1 112.8 50.9 23.1 C!I ., 22 i- -
'- CI :J 
20 II ., - -., ., 
3.525 27.658 17.1 84.3 37.0 13.9 
3.544 27.755 17.2 64.6 30.9 6.1 
2.969 25.578 17.5 50.2 26.4 4.5 
2.968 25.642 17.5 39.0 22.7 3.7 
2.966 25.444 17.6 30.3 20.2 2.5 
'- 18 - -Q. 2.975 25.233 17.6 23.7 18.4 1.8 2.552 24.518 17.7 18.5 16.4 2.0 
16 - -2.552 23.996 17.7 14.5 14.8 1.6 2.545 24.237 17.8 11.4 13.1 1.7 
2.129 22.891 17.9 9.1 10.9 2.2 
2.133 22.908 17.9 7.2 8.6 2.3 14 I I I I 1 I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/a) 
> . 
I-' 
2.122 22.837 17.9 5.8 5.4 3.2 
1.683 21.453 17.9 Pan .0 5.4 
1.679 21.478 17.9 
1.678 21.478 17.9 OBSERVED FLOW BEHAVIOUR 




1.269 20.395 17.9 (m/s) (0 '" .0 am) 








Q. ., 50 
0 
II 
~ 40 c ., 




1 10 100 1000 10000 











DATA FILE WD25U79U 
36 
Data File: WD25U79U 
I I , I I I I 
34 - -
Test Facility UCT 25 mm NB 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.79 
Solids Volumetric concentration (\) 47.88 
E 32 ~ -
"- QI!I 
II 30 Q. ~ -
~ I 28 ~ -
.f.J 
C II .. 26 r -.... 
't:I • II 24 r -"- II (!I .. 22 .... -
Solids Mass Concentration (\) 70.88 
Mean slurry Temperature ('C) 19.5 
Pipe Internal Dialleter (mm) 26.60 
Pipe Roughness (~II) 21.0 
Pipeline Slope vertical Up 
Mixture Pressure slurry particle Size Distribution 
Velocity Gradient Temp. Malvern Particle size Analyser 
(a/s) (kPa/a) ( 'C) size (~a) \ Passing \ Retained 
3.431 30.874 18.6 564.0 100.0 .0 
3.480 30.739 18.7 261.6 97.6 2.4 
3.518 30.785 18.8 160.4 76.9 20.7 
2.937 28.233 19.3 112.8 50.7 26.2 
2.956 28.428 19.3 84.3 37.4 13.3 
"-
::::J 
20 II - -
II 
2.949 28.114 19.4 64.6 31.0 6.4 
2.958 27.947 19.5 50.2 25.6 5.4 
2.548 26.731 19.6 39.0 22.1 3.5 
II 
"- 18 - -Q. 2.540 26.577 19.7 30.3 19.9 2.2 2.552 26.687 19.7 23.7 18.0 1.9 
2.101 24.818 19.8 18.5 16.1 1.9 
16 r -
14 I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.097 25.048 19.8 14.5 14.6 1.5 
2.093 24.931 19.8 11.4 13.0 1.6 
1.678 23.606 19.8 9.1 10.8 2.2 
1.678 23.507 19.8 7.2 8.7 2.1 
1.682 23.543 19.8 5.8 5.6 3.1 
Mixture Velocity em/e) > 
1.671 23.464 19.8 Pan .1 5.5 
1.222 22.504 19.8 
..... 
W 
1.216 22.214 19.8 OBSERVED FLOW BEHAVIOUR 






c .... 70 
II .. 
II 60 
Q. ., 50 
CI ., 






1 10 100 1000 10000 











DATA FILE WD25U82U 
Test Facility UCT 25 am NB 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
36 
Data F1le : WD25UB2U 
I I I I I I I 
Slurry Relative Density 1.82 
Solids Volumetric Concentration (%) 49.70 
Solids Mass Concentration (%) 72.36 
Mean Slurry Temperature (·C) 21.0 
Pipe Internal Diaaeter (ma) 26.60 
Pipe Roughness (~m) 21.0 
Pipeline Slope vertical Up 
34 ~ -.. 
E 32 ~ tI -
"-., 





ti .. 26 ~ -.... 
'D • ., 24 t. ... -
Mixture Pressure Slurry Particle size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~II) % Passing % Retained 
3.234 33.351 20.0 564.0 100.0 .0 
3.272 33.344 20.1 261.6 96.7 3.3 
3.273 33.474 20.2 160.4 75.6 21.1 
2.987 31.945 20.6 112.8 50.3 25.3 C!I 
II 22 "" -
t. 
3.022 32.258 20.7 84.3 37.2 13.1 
3.001 31.826 20.8 64.6 30.5 6.7 
:::J ., 20 !"" -., 
II 
2.550 29.605 21.1 50.2 25.0 5.5 
2.556 29.900 21.1 39.0 22.2 2.8 
2.575 29.532 21.2 30.3 19.9 2.3 
t. 1B - -11. 2.115 27.828 21.3 23.7 17.4 2.5 2.115 27.716 21.4 18.5 15.9 1.5 
16 - -2.112 27.800 21.4 14.5 14.5 1.4 1.681 26.368 21.4 11.4 12.7 1.8 
1.673 26.091 21.4 9.1 10.6 2.1 
1.671 26.140 21.4 7.2 8.4 2.2 14 I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
M1xture Veloc1ty (m/s) > 
1.267 24.621 21.4 5.8 5.2 3.2 
1.255 24.842 21.4 Pan - .3 5.5 







c .... 70 ., ., ., 60 
11. ., 50 
0 ., 
~ 40 c ., 





1 10 100 1000 10000 











DATA FILE WD25U85U 
Test Facility UCT 25 mm HB 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.85 
Solids Volumetric Concentration (%) 51.52 
Solids Mass Concentration (%) 73.79 
Mean Slurry Temperature (·C) 21.1 
pipe Internal Diameter (mm) 26.60 
pipe Roughness (~m) 21.0 

















































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (~m) % Passing % Retained 
564.0 100.0 .0 
261.6 96.4 3.6 
160.4 76.0 20.4 
112.8 50.7 25.3 
84.3 37.6 13.1 
64.6 30.6 7.0 
50.2 25.3 5.3 
39.0 22.2 3.1 
30.3 19.8 2.4 
23.7 17.7 2.1 
18.5 16.0 1.7 
14.5 14.6 1.4 
11.4 13.0 1.6 
9.1 10.9 2.1 
7.2 8.7 2.2 
5.8 5.5 3.2 








C • 26 -.... 
'D • 24 -t. 
(!) ., 22 -
t. 
::J ., 20 -., 
II 








C .... 70 ., ., 
• 60 Il 
II 50 Q 
• oIJ 40 c 
II 





Data File: WD25UB5U 










I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 




10 100 1000 10000 











DATA PILE WD40863U 
Test Facility UCT 40 mm HB 
Test Date August 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
lAi 
slurry Relative Density 1.63 
Solids voluaetric concentration (%) 38.18 
12 
Solids Mass Concentration (%) 62.07 
Mean slurry Temperature (·C) 17.7 
Pipe Internal Diaaeter (am) 40.00 
Pipe Roughness (~) 52.0 
Pipeline Slope Horizontal 
.-
E 
" II 10 Il. 
JI. .... 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/a) ( ·C) Size (#a) % Passing % Retained 
3.924 8.267 17.1 564.0 100.0 .0 
4.027 9.010 17.2 261.6 98.4 1.6 
3.962 8.524 17.3 160.4 79.8 18.6 
3.968 8.700 17.4 112.8 52.5 27.3 
3.949 8.067 17.5 84.3 37.2 15.3 
3.949 8.623 17.6 64.6 30.1 7.1 
3.297 6.324 17.7 50.2 24.8 5.3 
3.309 6.240 17.8 39.0 21.5 3.3 
3.314 6.241 17.8 30.3 19.1 2.4 
















2.669 4.267 17.9 18.5 15.3 1.7 
2.656 4.583 17.9 14.5 14.1 1.2 
2.667 4.713 17.9 11.4 12.4 1.7 
2 
I 
2.620 4.234 17.9 9.1 10.1 2.3 
2.097 2.886 17.9 7.2 8.2 1.9 
2.132 2.916 17.9 5.8 5.3 2.9 0 
2.134 3.073 17.9 Pan .2 5.1 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 AI.O 
1.587 1.436 17.8 
1.610 1.592 17.8 OBSERVED FLOW BEHAVIOUR 
1.609 1.527 17.8 Velocity Observation 
1.592 1. 746 17.8 (II/S) (D = 46.0 _) 
1.20 Asymmetric - sliding part 
1.56 Asymmetric - sliding part 
2.01 Slightly aysaetric 
2.46 Appears homogeneous 
100 
90 
Mixture Velocity (m/a) > ..... 
IN 
\0 
3.03 Appears hoaogeneous 
80 
at 
C .... 70 ., ., ., 60 
Il. ., 50 
at ., 
+J AlO c ., 




1 10 100 1000 10000 












DATA FILE WD40H71U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.71 
Solids volumetric Concentration (%) 43.03 
Solids Mass Concentration (%) 66.68 
Mean slurry Teaperature (·C) 18.9 
Pipe Internal Diaaeter (am) 40.00 
Pipe Roughness (~) 52.0 






























































































particle Size Distribution 
Malvern Particle S~ze Analyser 
Size (~m) 'Passing % Retained 
564.0 100.0 .0 
261.6 97.8 2.2 
160.4 76.3 21.5 
112.8 50.6 25.7 
84.3 36.3 14.3 
64.6 29.1 7.2 
50.2 24.1 5.0 
39.0 21.0 3.1 
30.3 18.7 2.3 
23.7 16.7 2.0 
18.5 15.1 1.6 
14.5 13.8 1.3 
11.4 12.0 1.8 
9.1 9.9 2.1 
7.2 8.0 1.9 
5.8 5.1 2.9 












(0 = 46.0 am) 
20% sliding bed 
Asymmetric - slid particles 







" • 10 -Il. 
~ 
061 
c: • .. 
1:1 • C. 
CD 
• C. 
:::J • • • .t 
UI 
c: .. 
• • • Il. 
• UI • 061 
c • u 



















Data F1le : WD40H71U 







I I I I I I I 
.15 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
M1xture Veloc1ty (mI.) > 
10 100 1000 10000 









































































DATA FILE WD40H76U 
Test Facility UCT 40 mm HB 
Test Date August 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.76 
Solids volumetric concentration (%) 46.06 
Solids Mass Concentration (%) 69.35 
Mean Slurry Temperature (·C) 21.1 
pipe Internal Diameter (mm) 40.00 
pipe Roughness (~m) 52.0 





















































































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (~a) % Passing % Retained 
564.0 100.0 .0 
261.6 98.9 1.1 
160.4 82.9 16.0 
112.8 59.6 23.3 
84.3 43.5 16.1 
64.6 36.4 7.1 
50.2 30.9 5.5 
39.0 26.8 4.1 
30.3 23.9 2.9 
23.7 21.5 2.4 
18.5 19.4 2.1 
14.5 17.8 1.6 
11.4 15.5 2.3 
9.1 12.6 2.9 
7.2 10.4 2.2 
5.8 6.6 3.8 





















e ., .. 10 to-0. 
~ 
oIJ 
c 8 -• oft 
'tJ .. 
t. 6 -C9 
• t. 
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Data File: WD40H76U 








I I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity em/a) > 
..... 
.p-...... 
10 100 1000 
















Material Relative Density 
Slurry Relative Density 
Solids Volumetric concentration 
Solids Mass concentration (%) 
Mean Slurry Temperature ('C) 
Pipe Internal Diameter (mm) 
Pipe Roughness (pm) 
Pipeline Slope 
Pressure Slurry 
UCT 40 mm NB 
August 1990 . 









Particle Size Distribution 
Velocity Gradient Temp. 
( ·C) 
Malvern Particle Size Analyser 
t Retained (m/s) (kPa/m) Size (pm) t Passing 
.736 14.209 30.5 564.0 100.0 .0 
.748 12.968 30.6 261.6 98.6 1.4 
.735 12.967 30.9 160.4 78.9 19.7 
.716 13.322 32.1 112.8 53.5 25.4 
.720 13.650 32.1 84.3 38.5 15.0 
.740 13.462 32.2 64.6 31.5 7.0 
.569 11.413 33.0 50.2 26.8 4.7 
.563 11.490 33.0 39.0 23.4 3.4 
.556 11.487 33.0 30.3 20.9 2.5 
.556 11.460 33.0 23.7 18.9 2.0 
.284 8.108 33.1 18.5 17.0 1.9 
.300 8.258 33.1 14.5 15.5 1.5 
.304 8.335 33.1 11.4 13.5 2.0 
.302 7.906 33.1 9.1 11.0 2.5 
.299 8.080 33.1 7.2 9.1 1.9 
.170 6.384 33.1 5.8 5.8 3.3 
.174 6.448 33.1 Pan - .1 5.9 
.168 6.432 33.1 
.167 6.225 33.1 OBSERVED FLOW BEHAVIOUR 





c • ..-4 
1:1 • Co 
(!) 
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• • • Q. 
• 1:1 • 4J 




1"'1 Oete Fila: W04l0HBBU 141 I 
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0 J J J J J J 
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DATA FILE WD40D63U 
Test Facility UCT 40 mm MB 
Test Date August 1990 
Material Description western Deeps CCT 
0 Data File : WD40D63U 
I I I I I I I 
Material Relative Density 2.65 
slurry Relative Density 1.63 - 2 - -Solids Volumetric Concentration (%) 38.18 
Solids Mass concentration (%) 62.07 
Mean Slurry Temperature (·C) 17.7 
Pipe Internal Diameter (am) 40.00 
Pipe Roughness (~m) 52.0 
pipeline Slope vertical Down 
E 
" 4 f-III -a. 
~ 
6 - -.f.J 
C 
Q) 




Mixture Pressure Slurry Particle Size Distribution 
velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (pa) ,passing' Retained 
3.924 - 7.805 17.1 564.0 100.0 .0 
4.027 - 7.087 17.2 261.6 98.4 1.6 
3.962 - 7.329 17.3 160.4 79.8 18.6 
Q) -10 '- -l. 
:l 
3.968 - 7.237 17.4 112.8 52.5 27.3 
3.949 - 7.584 17.5 84.3 37.2 15.3 
3.949 - 7.471 17.6 64.6 30.1 7.1 
3.297 - 9.423 17.7 50.2 24.8 5.3 In 
In -12 r- ~. . Q) -
l. 
3.309 - 9.781 17.8 39.0 21.5 3.3 
.3.314 - 9.522 17.8 30.3 19.1 2.4 
3.304 - 9.755 17.8 23.7 17.0 2.1 a. 
-14 I- -
2.669 -11.995 17.9 18.5 15.3 1.7 
2.656 -11.920 17.9 l4.5 14.1 1.2 
2.667 -11.679 17.9 11.4 12.4 1.7 
-16 I I 
II@!! 
I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.620 -12.152 17.9 9.1 10.1 2.3 
2.097 -13.319 17.9 7.2 8.2 1.9 
2.132 -13.297 17.9 5.8 5.3 2.9 
2.134 -13.257 17.9 Pan .2 5.1 




1.587 -15.089 17.8 
1.610 -15.282 17.8 OBSERVED FLOW BEHAVIOUR 
1.609 -15.096 17.8 Velocity Observation 







c ..... 70 
In 
In 




.f.J 40 c 
Q) 





1 10 100 1000 10000 
















DATA FILE ND40D71U 
Test Facility UCT 40 am HB 
Test Date August 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.71 
Solids Voluaetric concentration (%) 43.03 
Solids Mass concentration (%) 66.68 
Mean Slurry Temperature (·C) 18.9 
pipe Internal Diameter (am) 40.00 
pipe Roughness (~a) 52.0 
pipeline Slope Vertical Down 
0 
Data Fi le : WD40D71U 
I I I I I I I 
- 2 - -
E ,- 4 I-eu -
0. 
?!.. 
- 6 I- -+' 
C 
Q) .... 
- 8 'D - Ii' -eu 
t- ~ 
t!l 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Teap. Malvern Particle Size Analyser 
(a/s) (kPa/a) ( ·C) Size (~a) , Passing % Retained 
3.748 - 8.111 18.0 564.0 100.0 .0 
3.706 - 8.283 18.2 261.6 n.8 2.2 
3.714 - 8.385 18.3 160.4 76.3 21.5 
Q) -10 - -
t- i :J III 
III -12 '- ~ 
I) -
t-
3.466 - 8.839 18.5 112.8 50.6 25.7 
3.272 -10.986 18.7 84.3 36.3 14.3 
3.318 -10.792 18.8 64.6 29.1 7.2 
3.190 -11.709 18.8 50.2 24.1 5.0 
3.323 -10.830 18.9 39.0 21.0 3.1 
3.316 -10.759 18.9 30.3 18.7 2.3 
3.287 -10.355 18.9 23.7 16.7 2.0 o. 
-14 - rIfJ -.- m g -16 I I I I I ~. 
.0 .~ 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
2.714 -13.993 19.0 18.5 15.1 1.6 
2.659 -14.165 19.0 14.5 13.8 1.3 
2.622 -14.174 19.1 11.4 12.0 1.8 
2.638 -14.187 19.1 9.1 9.9 2.1 
2.626 -14.096 19.1 7.2 8.0 1.9 
2.678 -13.968 19.1 5.8 5.1 2.9 
2.123 -14.579 19.1 Pan - .1 5.2 





2.113 -14.755 19.1 OBSERVED FLOW BEHAVIOUR 
1.604 -15.118 19.0 Velocity Observation 
1.593 -15.184 19.0 (m/s) (D = .0 mm) 
1.611 -15.113 19.0 
1.122 -15.343 18.9 100 
1.139 -15.103 18.9 
90 1.115 -15.124 18.9 
1.106 -15.287 18.9 
80 
CI 
1.120 -15.053 18.8 
1.115 -15.134 18.8 
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DATA FILE WD40D76U 
Test Facility UCT 40 mm NB 
Test Date August 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.76 
Solids Volumetric Concentration (%) 46.06 
Solids Mass Concentration (%) 69.35 
Mean slurry Temperature (·C) 21.1 
pipe Internal Diameter (mm) 40.00 
pipe Roughness (~m) 52.0 
Pipeline Slope Vertical Down 
Mixture Pressure slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) size (~m) % Passing % Retained 
3.726 -10.670 20.2 564.0 100.0 .0 
3.740 -10.722 20.3 261.6 98.9 1.1 
3.787 -11. 254 20.4 160.4 82.9 16.0 
3.194 -10.699 20.5 112.8 59.6 23.3 
3.787 -10.888 20.6 84.3 43.5 16.1 
3.229 -11.749 21.0 64.6 36.4 7.1 
3.250 -11.772 21.1 50.2 30.9 5.5 
3.265 -11.691 21.1 39.0 26.8 4.1 
2.666 -12.754 21. 3 30.3 23.9 2.9 
2.533 -12.857 21.3 23.7 21.5 2.4 
2.512 -12.939 21.3 18.5 19.4 2.1 
2.523 -12.859 21.3 14.5 17.8 1..6 
2.132 -13.458 21.4 11.4 15.5 2.3 
2.148 -13.343 21.4 9.1 12.6 2.9 
2.140 -13.347 21.4 7.2 10.4 2.2 
2.134 -13.400 21.3 5.8 6.6 3.8 
1.597 -14.102 21. 3 Pan - .3 6.9 
1.575 -14.189 21. 3 
1.610 -14.293 21. 3 OBSERVED FLOW BEMA VIOUR 
1.577 -14.149 21.2 Velocity Observation 
1.555 -14.298 21.2 (m/s) (0 = • 0 mm) 
1.037 -14.947 21.1 
1.045 -14.903 21.1 
1.009 -14.902 21.1 
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1.0 1.5 2.0 2.5 3.0 
Mixture Ve Icc i ty (m/s) 
10 100 1000 

























DATA FILE WD40D86U 
Test Facility UCT 40 mm HB 
Test Date August 1990 
0 
Data File : WD40D86U 
I I I I I I I 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.86 
Solids Voluaetric Concentration (\) 52.12 
- 2 f- -
Solids Mass Concentration (\) 74.26 
Mean Slurry Teaperature (·e) 31.1 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~m) 52.0 
pipeline Slope vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Tellp. Malvern Particle Size Analyser 
(a/s) (kPa/a) ( ·C) Size (~a) , passing \ Retained 
1.934 - 6.195 30.2 564.0 100.0 .0 
1.973 - 5.478 30.3 261.6 97.3 2.7 
1.969 - 4.628 30.4 160.4 77.2 20.1 
1.999 - 5.247 30.5 112.8 51.4 25.8 
1.968 - 5.616 30.7 84.3 37.1 14.3 
1.975 - 5.195 30.9 64.6 30.1 7.0 
E ,- 4 f- -10 
n. ~ 
:! , 
- 6 -.j.J ~ -
C 
Q/ 
~ .... '0- 8 r- -III 
'-
~. (!) III -10 f- -
'-
:::J 
1.624 - 7.463 31.5 50.2 25.3 4.8 
1.593 - 8.088 31.5 39.0 22.1 3.2 





1.545 - 7.820 31.6 23.7 17.8 2.0 n. 
1.535 - 7.407 31.6 18.5 16.1 1.7 
1.001 - 9.030 31.5 14.5 14.7 1.4 -14 - "- -
.962 - 9.044 31.5 11.4 13.0 1.7 
.942 - 9.175 31.5 9.1 10.8 2.2 
.944 - 9.228 31.5 7.2 8.6 2.2 -16 I ~ I I I I I 
.922 - 9.117 31.5 5.8 5.4 3.2 
.690 - 9.632 31. 2 Pan - .0 5.4 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
.678 -10.322 31.1 Mixture Velocity (m/e) 
.676 -10.289 31.1 OBSERVED FLOW BEHAVIOUR 
.655 -10.005 31.0 Velocity Observation > 
.758 -10.165 31.0 (II/S) (D = .0 _) t-' 





C .... 70 
III 
III 
10 60 n. 
Q/ 50 
01 .. 
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DATA FILE 1I040D88U 
Test Facility UCT 40 mm HB 
Test Date August 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.88 
Solids Volumetric Concentration (\) 53.33 
Solids Mass Concentration (\) 75.18 
Mean Slurry Temperature ("C) 32.9 
Pipe Internal Diameter (mm) 40.00 
Pipe Roughness (~m) 52.0 


























Particle Size Distribution 




































Size (~) \ Passing \ Retained 
564.0 100.0 .0 
261.6 98.6 1.4 
160.4 78.9 19.7 
112.8 53.5 25.4 
84.3 38.5 15.0 
64.6 31.5 7.0 
50.2 26.8 4.7 
39.0 23.4 3.4 
30.3 20.9 2.5 
23.7 18.9 2.0 
18.5 17.0 1.9 
14.5 15.5 1.5 
11.4 13.5 2.0 
9.1 11.0 2.5 
7.2 9.1 1.9 
5.8 5.8 3.3 
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Data File : WD40D88U 












I I I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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DATA FILE WD80H69U 
Test Facility UCT 80 mm HB 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.69 
solids Volumetric Concentration (\) 41.82 
solids Mass Concentration (\) 65.57 
Mean Slurry Temperature ('C) 16.3 
Pipe Internal Diaaeter (ma) 73.40 
pipe Roughness (~) 84.0 
pipeline Slope Horizontal 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(a/s) (kPa/lI) (' C) Size ("a) . \ Passing \ Retained 
3.411 3.255 15.6 564.0 100.0 .0 
3.401 3.178 15.7 261.6 96.8 3.2 
3.405 3.212 15.8 160.4 74.5 22.3 
3.413 3.387 15.8 112.8 49.2 25.3 
3.406 3.394 15.8 84.3 35.7 13.5 
2.924 2.663 16.0 64.6 29.2 6.5 
2.931 2.292 16.3 50.2 23.9 5.3 
2.931 2.288 16.3 39.0 20.3 3.6 
2.928 2.358 16.4 30.3 18.1 2.2 
2.442 1.830 16.4 23.7 16.2 1.9 
2.439 1. 756 16.4 18.5 14.3 1.9 
2.439 1.754 16.5 14.5 13.0 1.3 
2.002 1.379 16.5 11.4 11.5 1.5 
2.003 1.187 16.5 9.1 9.5 2.0 
1.998 1.472 16.5 7.2 7.6 1.9 
1.998 1.253 16.5 5.8 4.8 2.8 
1.999 .938 16.5 Pan .0 4.8 
2.006 1.547 16.5 
2.011 1.244 16.5 OBSERVED FLOW BEHAVIOUR 
1.485 .955 16.5 Velocity Observation 
1.481 .935 16.5 (a/s) (0 .. 71.0 am) 
1.487 .664 16.5 1.05 Asymmetric - slid part 
1.486 .981 16.5 1.58 Asymmetric-slid part-pulses 
1.491 .988 16.5 2.14 Asymmetric-slid part-pulses 
.985 .871 16.5 2.63 Asymmetric - slid part 
.976 .576 16.5 3.15 Asymmetric ? 
.990 .546 16.5 3.64 Appears hoaogeneous 
.998 .235 16.5 
1.004 .879 16.4 
.991 .779 16.4 
• 990 .547 16.4 
• 9!t0 .657 16.4 































Data Flle : WDBOH69U 













I I I I I a 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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DATA FILE ND80H73U 
Test Facility UCT 80 am NB 
Test Date June 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.73 
Solids volumetric Concentration (%) 44.24 
Solids Mass Concentration (%) 67.77 
Mean Slurry Teaperature ('C) 17.1 
Pipe Internal Dialleter (am) 73.40 
Pipe Roughness (~a) 84.0 




































































































Particle Size Distribution 
Malvern Particle Size Analyser 
Size (~) % Passing % Retained 
564.0 100.0 .0 
261.6 96.2 3.8 
160.4 74.9 21.3 
112.8 50.9 24.0 
84.3 37.4 13.5 
64.6 30.7 6.7 
50.2 25.7 5.0 
39.0 22.2 3.5 
30.3 19.7 2.5 
23.7 17.6 2.1 
18.5 15.7 1.9 
14.5 14.2 1.5 
11.4 12.5 1.7 
9.1 10.4 2.1 
7.2 8.2 2.2 
5.8 5.1 3.1 
Pan -.2 5.3 









(0 = 71.0 ED) 
ASYII.-15% slid bed-pulses 
Asymmetric-slid part-pulses 
ASYlllletric-slid part-pulses 




" II n. 
~ 
~ 































4 • 3 I 
2 "- II 
1 ~ I 
0 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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DATA PILE WDSOH7SU 
Test Facility UCT 80 _ NB Oata File : WOBOH7BU 
Test Date June 1990 10 I I I I I I I 
Material Description western Deeps' CCT 
Material Relative Density 2.65 9 I- -Slurry Relative Density 1.78 
solids Volumetric Concentration (\) 47.27 
Solids Mass Concentration (\) 70.38 Ii B ~ -Mean Slurry Temperature (·C) 18.2 ..... 
pipe Internal Dia.ater (_) 73.40 II 
Pipe Roughness (~a) 84.0 Q. 7 ~ -
Pipeline Slope Horizontal ~ 
Mixture Pressure Slurry Particle Size Distribution 4J 6 ~ -
Velocity Gradient Temp. Malvern Particle Size Analyser I: .. 
(a/s) (kPa/m) ( ·C) Size (~a) \ Passing \ Retained ~ 5 -3.422 3.038 17.6 564.0 100.0 .0 'tI ~ 
3.424 3.236 17.7 261.6 96.4 3.6 II Co 
3.432 3.486 17.7 160.4 76.3 20.1 (!I 4 ~ -3.438 3.160 17.8 112.8 50.4 25.9 
2.952 2.621 lS.l 84.3 37.1 13.3 .. .1 Co 2.955. 2.768 18.1 64.6 30.3 6.8 ::J 3 ~ -
2.942 2.538 18.1 50.2 25.1 5.2 .. I i 2.952 2.576 18.2 39.0 21.3 3.8 .. II I 2.439 2.678 18.3 30.3 19.0 2.3 Co 2 ~ -2.443 2.396 18.3 23.7 17.3 1.7 Q. 
2.439 2.490 18.3 18.5 15.2 2.1 
2.434 2.577 18.4 14.5 13.7 1.5 1 ~ -
2.440 2.486 18.4 11.4 12.2 1.5 "-
1.953 1.875 18.4 9.1 10.1 2.1 0 I I I 
I I I 
1.961 1.789 18.4 7.2 8.1 2.0 
1.951 1.527 18.4 5.8 5.1 3.0 .0 .5 1.0 1.5 2.0 2.5 3.0 3.15 4.0 
1.957 1.895 lS.4 Pan - .1 5.2 Mixture Velocity (m/s) 
1.957 1.951 18.4 
1.501 1.619 18.4 OBSERVED FLOW BEHAVIOUR > 
1.500 1.781 18.4 Velocity Observation ...... 
1.486 1.832 18.3 (m/s) (D .. 71.0 _) VI 
1.494 2.033 18.3 1.09 Asymmetric - slid particles 100 
N 
1.4S7 1.934 18.3 1.61 Asymmetric - slid particles 
1.483 2.129 18.3 2.10 Asymmetric - slid particles 
1.493 2.257 18.3 2.63 Asymaetric - slid particles 90 
1.495 2.081 18.3 3.15 Asymaetric - slid particles 
1.493 1.909 18.3 3.99 Appears hoaoqeneous BO 
1.038 1.855 18.3 CI 
1.060 1.930 18.2 I: 
1.026 1. 763 18.2 
~ 70 
UJ 
1.031 1.571 18.2 UJ 
1. 026 1.825 18.2 II 60 
1.'037 1.831 18.2 
Q. 
1.029 1. 740 18.2 II 50 
CI 
II 
4J 40 I: .. 
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DATA FILE .o80H81U 
Test Facility UCT 80 mm NB 
Test Date June 1990 10 
Data File : WOBOHB1U 
I I , , I I 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.81 
Solids volumetric Concentration (%) 49.09 
9 I- -
Solids Mass Concentration (%) 71.87 
Mean Slurry Temperature (·C) 19.8 
Pipe Internal Dialleter (mm) 73.40 
Pipe Roughness (I'll) -84.0 
Pipeline Slope Horizontal 
e B I- - . 
...... ., 
11. 7 I- -
~ 
~ 6 I- -
C 
II .... 
5 [?J 'C I- -., II 
t. 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(II/S) (kPa/lI) ( ·C) Size (I'll) % Passing % Retained 
3.451 5.149 18.6 564.0 100.0 .0 
3.456 4.616 18.7 261.6 95.5 4.5 
(!I 4 I- -., I t. 
3.460 4.720 18.9 160.4 74.7 20.8 
3.461 4.631 19.0 112.8 51.5 23.2 
3.464 4.738 19.1 84.3 37.1 14.4 
2.894 3.972 19.7 64.6 30.7 6.4 :J 3 r -
UI 
II .. ., 
t. 2 r- • -11. 
2.900 3.886 19.8 50.2 25.9 4.8 
2.901 4.100 19.8 39.0 2l.8 4.1 
2.901 3.829 19.9 30.3 19.5 2.3 
2.446 3.708 20.0 23.7 17.6 1.9 
1 - -2.445 3.474 20.0 18.5 15.6 2.0 2.449 3.400 20.1 14.5 14.1 1.5 
2.447 3.599 20.1 11.4 12.5 1.6 
0 I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/s) 
2.449 3.783 20.1 9.1 10.4 2.1 
2.451 3.575 20.1 7.2 8.2 2.2 
2.452 3.458 20.1 5.8 5.1 3.1 
1.962 3.279 20.2 Pan - .2 5.3 
1.960 3.0l2 20.2 :t-. 
t-' 
V1 
1.964 3.324 20.2 OBSERVED FLOW BEHAVIOUR 
1.962 3.299 20.2 Velocity Observation 
1.456 2.373 20.1 (m/s) (0 = 71.0 mm) w 
100 1.455 2.329 20.1 1.09 Asymmetric - slid particles 
1.452 2.344 20.1 1.61 Asymmetric - slid particles 
90 1.445 2.320 20.1 2.10 Asymmetric - slid particles 1.017 1.820 20.0 2.63 Asy .. etric - slid particles 
BO 
0 
c .... 70 
1.023 1.918 20.0 3.15 Appears homogeneous 
1.023 1.851 20.0 3.99 Appears homogeneous 







~ 40 c 
II 
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DATA PILE .o80H86U 
Test Facility UCT 80 am HB 
Test Date June 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.86 
Solids Volumetric Concentration (t) 52.12 
Solids MaSS Concentration (t) 74.26 
Mean Slurry Temperature ('C) 22.8 
pipe Internal Diaaeter (am) 73.40 
Pipe Roughness (~_) 84.0 
pipeline Slope Horizontal 
Data F1le : WDBOHB6U 
10 I I I I I I I 
9 I- ~ -
E B I- M -
"- I ., 0. 7 I- -:! 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient T_p. Malvern Particle Size Analyser 
(_/s) (kPa/_) ( 'C) Size (~_) , Passing , Retained 
3.192 9.055 21.1 564.0 100.0 .0 
3.200 8.912 21.3 261.6 96.2 3.8 
3.208 8.919 21.5 160.4 76.3 19.9 
3.218 8.668 21. 7 112.8 52.7 23.6 
2.925 8.208 22.1 84.3 38.2 14.5 
2.935 7.921 22.3 64.6 31.6 6.6 
.-J 6 - • -c ., 
0<'4 
5 'tI - -., 
II t. 
(!) 4 :- -., 
t. -:::J 3 - -2;944 8.204 22.4 50.2 26.5 5.1 2.951 8.375 22.5 39.0 22.6 3.9 
2.438 7.104 22.8 30.3 20.1 2.5 
2.443 7.080 22.9 23.7 18.1 2.0 
., ., ., 
2 - -t. 
0. 
2.439 7.352 22.9 18.5 16.3 1.8 
2.444 7.294 23.0 14.5 14.8 1.5 1 " I- -
2.451 7.457 23.0 11.4 13.1 1.7 
2.453 7.219 23.1 9.1 11.0 2.1 
1.987 6.061 23.2 7.2 8.7 2.3 
1.986 6.124 23.3 5.8 5.5 3.2 
0 I I I I I I I 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
1.989 6.024 23.3 Pan .0 5.5 M1xture Veloc1ty (m/e) 
1.986 6.005 23.3 
1.463 4.502 23.3 OBSERVED FLOW BEHAVIOUR > 
1.471 4.493 23.3 Velocity Observation 
1.471 4.475 23.3 (a/s) (0 = 71.0_) 
1.470 4.481 23.3 1.09 Slightly asymmetric 





.973 3.157 23.2 2.10 Appears hoaogeneous 
.931 3.237 23.1 2.63 Appears homogeneous 90 
.906 3.172 23.1 3.15 Appears homogeneous 
3.99 Appears hoaogeneous BO 
III 
C 




.-J 40 c ., 





1 10 100 1000 10000 
r" 
L 











DATA PILE WDSOH90U 
10 Test Facility UCT 80 mD NB Test Date June 1990 
Material Description Western Deeps CCT 
9 Material Relative Density 2.65 
slurry Relative Density 1.90 
Solids Volumetric concentration (%) 54.55 
E 8 
....... 
Solids Mass Concentration (%) 76.08 
Mean slurry Temperature (·C) 27.4 
IU ,,~ a. 7 
~ 











Pipe Internal Diameter (mm) 73.40 
pipe Roughness (~m) 84.0 
Pipeline Slope Horizontal 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(lOis) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
2.031 9.793 26.0 564.0 100.0 .0 
2.037 10.066 26.2 261.6 96.9 3.1 
2.048 9.902 26.4 160.4 78.0 18.9 
2.046 10.232 26.6 112.8 54.1 23.9 
1.635 8.096 27.1 84.3 39.5 14.6 




1.663 8.434 27.3 50.2 27.7 5.3 
1.664 8.257 27.4 39.0 24.1 3.6 
1.661 8.225 27.4 30.3 21.5 2.6 
1.179 7.203 27.6 23.7 19.3 2.2 a. 
1 1.068 
6.976 27.8 18.5 17.5 1.8 
1.029 6.879 27.9 14.5 16.0 1.5 
.984 7.168 27.9 11.4 14.2 1.8 "-
0 
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Mixture Velocity (m/a) 
1.001 7.250 27.9 9.1 12.0 2.2 
.674 6.026 28.0 7.2 9.6 2.4 
.655 6.124 28.0 5.8 6.1 3.5 
.675 6.316 28.0 Pan .1 6.0 
> .656 6.180 28.0 .664 6.200 28.0 OBSERVED FLOW BEHAVIOUR 




(lOis) (D = 71.0 mm) 
.74 Appears homogeneous 
1. 37 Appears homogeneous 
90 
1. 75 Appears homogeneous 
1.89 Appears homogeneous 
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DATA PILE .o80069U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Western Deeps CCT 
2 I 
Data File: WD80D69U 
I I I I I I 
Material Relative Density 2.65 
Slurry Relative Density 1.69 
Solids Volumetric Concentration (%) 41.82 
0 - -
Solids Mass Concentration (%) 65.57 
Mean Slurry Temperature (·C) 16.3 
Pipe Internal Diaaeter (am) 73.40 
Pipe Roughness (~m) 84.0 
Pipeline Slope Vertical Down 






Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
{II/S) (kPa/lI) ( ·C) Size (~.) % Passing % Retained 
3.411 -12.681 15.6 564.0 100.0 .0 
3.401 -12.544 15.7 261.6 96.8 3.2 
3.405 -12.642 15.8 160.4 74.5 22.3 
3.413 -12.645 15.8 112.8 49.2 25.3 
3.406 -12.623 15.8 84.3 35.7 13.5 
2.924 -13.601 16.0 64.6 29.2 6.5 
2.931 -13.558 16.3 50.2 23.9 5.3 
2.931 -13.451 16.3 39.0 20.3 3.6 
2.928 -13.652 16.4 30.3 18.1 2.2 
2.442 -14.388 16.4 23.7 16.2 1.9 
2.439 -14.424 16.4 18.5 14.3 1.9 
2.439 -14.385 16.5 14.5 13.0 1.3 







::J -12 -., 
II 
II -14 -t. 
Il. 
-16 -






2.002 -15.084 16.5 11.4 11.5 1.5 
2.003 -15.051 16.5 9.1 9.5 2.0 
1.998 -15.183 16~5 7.2 7.6 1.9 




1.0 1.5 2.0 2.5 3.0 
I 
3.5 4.0 
1.999 -15.051 16.5 Pan .0 4.8 Mixture Velocity (m/s) 
2.006 -15.070 16.5 
2.011 -15.066 16.5 OBSERVED FLOW BEHAVIOUR > 
1.485 -15.749 16.5 Velocity Observation 




1.487 -15.694 16.5 
1.486 -15.774 16.5 100 
1.491 -15.776 16.5 
.985 -16.101 16.5 90 
.976 -16.072 16.5 
.990 -15.969 16.5 80 
.998 -15.917 16.5 CI 
,1.004 -16.104 16.4 
.991 -16.043 16.4 
c: ... 70 
II 
.990 -15.980 16.4 II 
.9~0 -16.037 16.4 
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Material Relative Density 
Slurry Relative Density 
Solids Volumetric Concentration 
Solids Mass Concentration (%) 
Mean Slurry Temperature ('C) 
Pipe Internal Diameter (nun) 
Pipe Roughness (pm) 
Pipeline Slope 
Pressure Slurry 
UCT SO nun NB 
June 1990 . 









Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
( 'C) Size (pm) % Passing % Retained (m/s) (kPa/m) 
3.409 -12.705 16.4 564.0 100.0 .0 
3.417 -12.667 16.5 261.6 96.2 3.8 
3.417 -12.646 16.6 160.4 74.9 21.3 
3.408 -12.680 16.7 112.8 50.9 24.0 
2.960 -13.980 16.9 84.3 37.4 13.5 
2.951 -13.678 17.0 64.6 30.7 6.7 
2.955 -13.478 17.0 50.2 25.7 5.0 
2.952 -13.912 17.1 39.0 22.2 3.5 
2.951 -13.636 17.1 30.3 19.7 2.5 
2.949 -13.658 17.1 23.7 17.6 2.1 
2.439 -14.627 17.2 18.5 15.7 1.9 
2.445 -14.602 17.2 14.5 14.2 1.5 
2.438 -14.587 17.2 11.4 12.5 1.7 
1.987 -15.617 17.3 9.1 10.4 2.1 
1.984 -15.761 17.3 7.2 8.2 2.2 
1.985 -15.576 17.3 5.8 5.1 3.1 
1.983 -15.706 17.3 Pan - .2 5.3 
1.458 -16.084 17.3 
1.455 -15.888 17.3 OBSERVED FLOW BEHAVIOUR 
1.463 -15.982 17.3 Velocity Observation 
1.457 -16.078 17.2 (m/s) (D = .0 nun) 
1.464 -15.951 17.2 
1.459 -16.012 17.2 
1.461 -15.936 17.2 
1.032 -16.117 17.2 
1.034 -16.032 17.2 
1.036 -16.116 17.2 
1.027 -16.108 17.2 
1.038 -16.130 17.2 
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Data File : WD80D73U 
I I I I 
c:a II CI 
I I I I 
1.0 1.5 2.0 2.5 3.0 
Mixture Velocity (m/s) 
10 100 1000 



























DATA FILE WD80D78U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description Western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.78 
Solids Voluaetric Concentration (%) 47.27 
Solids Mass Concentration (%) 70.38 
Mean Slurry Teaperature (oe) 17.0 
Pipe Internal Diameter (mm) 73.40 
pipe Roughness (~m) 84.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
3.422 -13.574 16.4 564.0 100.0 .0 
3.424 -13.659 16.5 261.6 96.2 3.8 
3.432 -13.654 16.5 160.4 74.9 21.3 
3.438 ~13.545 16.5 112.8 50.9 24.0 
2.952 -14.526 16.5 84.3 37.4 13.5 
2.955 -14.443 16.5 64.6 30.7 6.7 
2.942 -14.291 16.6 50.2 25.7 5.0 
2.952 -14.454 16.7 39.0 22.2 3.5 
2.439 -15.137 16.9 30.3 19.7 2.5 
2.443 -15.111 17.0 23.7 17.6 2.1 
2.439 -15.229 17.0 18.5 15.7 1.9 
2.434 -14.994 17.1 14.5 14.2 1.5 
2.440 -15.052 17.1 11.4 12.5 1.7 
1.953 -15.566 17.1 9.1 10.4 2.1 
1.961 -15.546 17.2 7.2 8.2 2.2 
1.951 -15.526 17.2 5.8 5.1 3.1 
1.957 -15.602 17.2 Pan - .2 5.3 
1.957 -15.597 17.3 
1.501 -15.950 17.3 OBSERVED FLOW BEHAVIOUR 
1.500 -15.940 17.3 Velocity Observation 
1.486 -15.975 17.3 (m/s) (D = .0 mm) 
1.494 -15.959 17.3 
1.487 -15.905 17.3 
1. 483 -15.867 17.3 
1.493 -15.893 17.2 
1.495 -15.880 17.2 
1.493 -15.869 17.2 
1.038 -16.419 17.2 
1..060 -15.877 17.2 
1.026 -15.977 17.2 
1.031 -15.568 17.2 
1. CI~6 -15.335 17.2 
1.0.37 -15.432 17.2 
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Data F1la : WDBOD7BU 
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DATA FILE WD80D81U 
Test Facility UCT 80 mm HB 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.81 
Solids Volumetric Concentration (%) 49.09 
Solids Mass Concentration (%) 71.87 
Mean Slurry Tellperature f"c) 19.8 
Pipe Internal Dia.eter (ma) 73.40 
Pipe Roughness (~II) 84.0 
Pipeline Slope Vertical Down 
Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Tellp. Malvern Particle Size Analyser 
(II/S) (kPa/m) ( "C) Size (~II) % Passing % Retained 
3.451 -12.304 18.6 564.0 100.0 .0 
3.456 -12.329 18.7 261.6 95.5 4.5 
3.460 -12.524 18.9 160.4 74.7 20.8 
3.461 -12.354 19.0 112.8 51.5 23.2 
3.464 -12.364 19.1 84.3 37.1 14.4 
2.894 -13.343 19.7 64.6 30.7 6.4 
2.900 -13.323 19.8 50.2 25.9 4.8 
2.901 -13.278 19.8 39.0 21.8 4.1 
2.901 -13.219 19.9 30.3 19.5 2.3 
2.446 -13.975 20.0 23.7 17.6 1.9 
2.445 -13.987 20.0 18.5 15.6 2.0 
2.449 -14.022 20.1 14.5 14.1 1.5 
2.447 -13.974 20.1 11.4 12.5 1.6 
2.449 -13.957 20.1 9.1 10.4 2.1 
2.451 -13.948 20.1 7.2 8.2 2.2 
2.452 -13.945 20.1 5.8 5.1 3.1 
1.962 -14.691 20.2 Pan - .2 5.3 
1.960 -14.565 20.2 
1.964 -14.535 20.2 OBSERVED FLOW BEHAVIOUR 
1.962 -14.444 20.2 Velocity Observation 
1.456 -15.200 20.1 (II/S) (D = .0 ma) 
1.455 -15.500 20.1 
1.452 -15.162 20.1 
1.445 -15.165 20.1 
1.017 -15.754 20.0 
1.023 -15.653 20.0 
1.023 -15.643 20.0 
1.023 -15.568 20.0 
Data File : WD80D81U 
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DATA FILE WD80D86U 
Test Facility UCT 80 mm NB 
~est Date June 1990 
Material Description Westerr. Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.86 
Solids Volumetric concentration (\) 52.12 
Solids Mass Concentration (\) 74.26 
Mean Slurry Temperature (·C) 22.8 
pipe Internal Diameter (mm) 73.40 
Pipe Roughness (pm) 84.0 
pipeline Slope Vertical Down 
2 
Data F1le : WD80D86U 
o -




Mixture Pressure Slurry Particle Size Distribution 
Velocity Gradient Temp. Malvern Particle size Analyser 
(m/s) (kPa/m) ("C) Size (pm) \ Passing \ Retained 
3.192 - 9.273 21.1 564.0 100.0 .0 
3.200 - 9.220 21.3 261.6 96.2 3.8 
3.208 - 9.221 21.5 160.4 76.3 19.9 
3.218 - 9.128 21.7 112.8 52.7 23.6 
2.925 -10.381 22.1 84.3 38.2 l4.5 
2.935 -10.138 22.3 64.6 31.6 6.6 
2.944 -10.224 22.4 50.2 26.5 5.1 
2.951 -10.373 22.5 39.0 22.6 3.9 
2.438 -11.736 22.8 30.3 20.1 2.5 
2.443 -11.308 22.9 23.7 18.1 2.0 
2.439 -11.408 22.9 18.5 16.3 1.8 
2.444 -11.348 23.0 l4.5 l4.8 1.5 
2.451 -11.732 23.0 11.4 13.1 1.7 
2.453 -11.605 23.1 9.1 11.0 2.1 
1.987 -12.682 23.2 7.2 8.7 2.3 
1.986 -12.614 23.3 5.8 5.5 3.2 
1.989 -12.510 23.3 Pan .0 5.5 
1.986 -12.337 23.3 
1.463 -13.272 23.3 OBSERVED FLOW BEHAVIOUR 
1.471 -13.297 23.3 Velocity Observation 
1.471 -13.304 23.3 (m/s) (0 = .0 mm) 
1.470 -13.297 23.3 
~- 6 -c • .... 
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nATA FILE WD80D90U 
Test Facility UCT 80 mm NB 
Test Date June 1990 
Material Description western Deeps CCT 
Material Relative Density 2.65 
Slurry Relative Density 1.90 
Solids Volumetric Concentration (%) 54.55 
Solids Mass Concentration (%) 76.08 
Mean Slurry Teaperature (·C) 27.4 
pipe Internal Diameter (mm) 73.40 
pipe Roughness (~a) 84.0 
pipeline Slope Vertical Down 
Mixture Pressure Slurry particle Size Distribution 
Velocity Gradient Temp. Malvern Particle Size Analyser 
(m/s) (kPa/m) ( ·C) Size (~m) % Passing % Retained 
2.031 - 5.809 26.0 564.0 100.0 .0 
2.037 - 5.703 26.2 261.6 96.9 3.1 
2.048 - 5.830 26.4 160.4 78.0 18.9 
2.046 - 5.737 26.6 112.8 54.1 23.9 
1.635 - 8.355 27.1 84.3 39.5 14.6 
1.662 - 7.942 27.2 64.6 33.0 6.5 
1.663 - 8.373 27.3 50.2 27.7 5.3 
1.664 - 7.985 27.4 39.0 24.1 3.6 
1. 661 - 8.132 27.4 30.3 21.5 2.6 
1.179 - 9.807 27.6 23.7 19.3 2.2 
1.068 -10.301 27.8 18.5 17.5 1.8 
1.029 -10.319 27.9 14.5 16.0 1.5 
.984 -10.358 27.9 11.4 14.2 1.8 
1.001 -10.273 27.9 9.1 12.0 2.2 
.674 -11.417 28.0 7.2 9.6 2.4 
.{,!:i5 -11.356 28.0 5.8 6.1 3.5 
.675 -11.230 28.0 Pan .1 6.0 
.656 -11.426 28.0 
.664 -11.278 28.0 OBSERVED FLOW BEHAVIOUR 
Data File : WD80D90U 
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Be particle Reynolds' nl.lllber 
u superficial velocity 
a d.ilE!nsionless paramater 
p dimensionless pa.r8llllE!ter 
6 porosity = (1 - C) 
density of fluid 
B.2 
dynamic coefficient of viacosi ty 
DarcY'·s Law 






u = ~ ~ • (B.1) 
'!be superficial velocity, u is the flow rate divided by the cross-sectional 
area of the medi\lll, Le. 
u = Q A ' 
where A = internal area of pipe, in our case. 
(B.2) 
'!he permeability, k is a function of the medi\lll type, packing density and 
particle Reynolds m.aber. The BrIPm empirical correlation Jay be used to 
estimate the permeability of the medi\lll (Blevins (1984) ) where 












Expression B.3 may be simplified for the two limiting cases of laminar flow and 
turbulent flow as shown in the following table : 
TABLE B.1 
He < 20 He > 10' 
(B.4 ) k = = Eo' dj.J k P (1-.. }p 
w 
(B.5) 
Note that for laminar flow k is indeperKient of the superficial velocity and. 
fluid characteristics. '1be dimensionless parameters ex and p are quoted by 
Blevins as : 
TABLE B.2 
ex p 
Rough particles 180 4,0 
Smooth particles 180 1,8 
Worked 'Bpmple 
To establish the validity of the assunption that the flow of the carrier fluid 
through the granular matrix of coarse particles is negligible we consider the 
following example : 
Taking water at 15°C as the liquid we have 













A representative particle diameter, d = 300 JAIl 
Packing density, E. = 0,60 (C = 40%) 
MaxiDun pressure gradient expected, dp = 20 kPa/m ax 
From Table B.2 for rough particles we get a = 180 and P = 4,0. 
Asstming laminar flow, from Table B. 1 
k 
,,, d a . 10 = = 6,750 x 10- ml a (l-t.) 
u = ~ ~ = 0,012 m/s 
Re = p ud = 3,114 < 20 
JJ 
laminar. 
Thus for the "worst case" considered in the above example the seepage velocity 

























Referring to Figmoe C.1 the position of an arbitrary point P is expressed in 
terms of three non~iona1 coordinates L1 ' L2 ' L3 whioh relate 
respectively to the sides directly opposite nodes 1, 2 and 3. By definition 
each coordinate is the ratio of the perpendicular distance h. from one side to 
1 
the altitude h measured fran the same side, thus 
L. = h./h 
1 1 
i = 1, 2, 3 
The ratio of A. to the area A of the whole element is 
1 
A. B h./2 
1 1 = A B h/Z i = 1, 2, 3 • 
(C.1 ) 
(C.2) 
Thus Li are termed area coordinates as they define the area of the 
subtriangles in terms of the complete area of the element. The SlE of the three 
coordinates must always equal one. Also Li has a value of one at node i and 
zero at the other two nodes with a linear variation between them. These are 
exactly the same values that the element shape functions N~e) have, thUB 
1 
L. = N~e) 
1 1 
i = 1, 2, 3 . (C.3) 
Area coordinates are used in place of carteeian coordinates as several formulae 
exist to facilitate integration. In particular 
J La ~ LO dA a ! b ! 0 ! 2A, (C.4 ) = (a + b + 0 + 2) 
A 
1 3 
where A = area of intearation 



















































11 th International Conference on the 
Hydraulic Transport of Solids in Pipes 
D.2 
HYDROTRANSPORTII 
Stratford-upon-Avon, UK: 19-21 October 1988 
PAPERCI 
R. Cooke, J. H. Lazarus 
Hydrot.ransport Research Unit, Depal'Uelt of Civil Enaineeri1lll, University of Cape 
Town. South AfriC'.a 
~n instn.ent is deacribed which l1811p).ea alurry flows iaokinetica1b witllaut. 
requirina a separate ~t of the local velooi ty. 1be llethod utj)jp_ tM 
staGlatian pressure in the SUlplina tube 88 a reference to cletem:ifte the ieakinef;lc 
velocit7. 'Ibe SMIfllilC probe can detel'lline the local velooity. conoentraticm ..t 
particle sizf' distribut.ion within a pipe .. 
The gecllDetry, la.vout and the accuracy of the probe is discussed. ~ta were 
Ede in a 140 II1II intemsl diameter horizontal pipe conveyina a sand-water slurry at a 
vohlllet.ric concentration of las. 
~1I01.ture 
a = elenental area 
A = pipe area 
c = local concentration 
C = bulk delivered concentration 
~ = pecked bed oomentration 
/ 
d = particle cHa.ter 
d .. = particle di_ter aucb that ~ by weillht 
of larticl_ are < ct.. 
D = intema1 pipe di ter 
h = head diffel.1IOe --.ared in \8li. ta of water 
i = bJdraulic il'Bdient 
f = l~m-ion 
q = el~tal flow rate 
Q = bulk flow rate 
r = radial diatance 
R = pipe radi\8 
S = relative density 
Sf = particle shape factor 
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u = .axi_ velocity in an el.-ental strip Ia/s) .ax 
u· = dimensionless local velocity = lL u. 
u. = local shear velocity (II/s) 
U. = 8hea.r velocity = J;o (..,s) 
m 
V = bulk velocity = Q/ A 
V
t 
:: particle aettlinc velocity (II/a) 
V' t 
:: hindered particle settliQl velocity (II/a) 
y = diatance frc:. pipe tell Ca' 
y. 
Ur :: friction Reynolda I'Ulber :: -
II 
&a = sedi--nt transfer coefficient (ai/a' 
" :: vtm ~ oonstant II :: k~tic vi.oo.ity (ai/a) 
lie :: effective k~tic vi800Bity (al /.) 
~ = IIhear atrea at pipe 1oIBl1 (H/ml) 
0 
8lt.oripta 
d = delivered 
a :: solida-liquid aixb.lre 
a :: solids 
v :: vol..a 
1. Iat.roduDtion 
To \Rterat.-Jd the intemal --..u.- in a BlUl"l7 pipeline it i. t.portant that 
~ are -sa of internal ~, such .. local velocity, local 
OCIDOSltration ... local particle aize distribution. As part of the ~u. .. qp:_ 
br the Jlrdrotransport R_eu'Cb \hit at the tldveraity of (ape ToNn to develop a 
wfied theory for .1Ul'T7 flowa, an experiEntal atu:I7 is beine oca:tuoted to develop 
a probe a.paIUe of detelWinirc these local ~. 
A aetbod of obtainina a lISIIple of alurry fraa a pipel1De i. to uae an L-shaped tube 
plintiIC into the direction of flow. To _ure that a h''JlIUBDtative ....,le is 
withdraNn froa the pipeline, the aixture ahould be ~ t.hrouIh the ~ine tube 
at a velocit.,' equal to the wdiatUl'bal local velocity upatra. of the tube - this i. 
terwed iaoltinetic 88IIP1ina. PreviCM.E re.earch (Nur-Bl-Din et .1 (1984) and Nllar-Bl-
Din and. Sboc* ( 1987 » \.-ed a separate velocity probe to detemine the ~ 
approach velocity and then iterativeb adjuated the flow rate1:.hroul&h the 8IIIIIP1iIIC 
tube. '!be probe presented herein utilises the stqnatiOll pressUre in the ...-plina 
tube as a reference for -.arinc the treeau- approach velocity and thua 
alleviates the neoeaai ty of ..a\D'inC the local. velocity with a separate probe. 'lbi. 
technique baa been \.wed for au-liquid flows (Jane. (1983». 
2. ....1amtal Prw~a"e 
'lbe experWental inveatiatioo i. beiDI conducted '--inC the ~traNlJ)Ori. Rea.rob 
thit'a pipeloop teat facility Mlicb ... been deecribed el.aewbere bT u.zarua and She 
(1984 ) • Pie,are 1 ahowa an overall view of the teat factli ty. Pie,are 2 depicts the 
~ l.alout of the illCkinetic SMpliJC· probe MUle Piaure 3 ahoNa an 8. Uy 












(i) Detennne isokinetic conditions 
(ii ) MeasW"f'! tJ\P. isokinPtin veloci ty 
D.4 
( iii) DPtP.nnine t.he loeal concentration and particle size distribution 
2. 1 Detenaininl the lsoki.netic Cb'di. tian 
'lhe isokinetic supler (A) is located 70 pipe dia.eters downatreaa flUll the nearest 
180· bend. 'lhe radial position of the probe is adjustable and the probe can also be 
rotated about the pipe axis; this allows .aaaur-e.ent at any point within the pipe· 
cross section. ChI,. vertical profiles are presented herein. To reduce obstruction 
of the flow the probe has a 5 dell'ee taper as reoc • ndecl by Nasr-Bl-Din et 01 
(1984) • 
'!be pressure inside the 88111Plinl tube ia -.ureci by the oil"C'aferential Jlft8SlI1'e 
tappinl (B), and c:x.pared with the atatic Pl""BUre at the wall (C). The atatic 
preuure tappirC ia rotatable 80 that it is alley'S at the ~ horizontal level as 
the I1811Plinl tube axi.. Since the cil'C\aferential preaaure tapp1nl (B) is poeitic:med 
a distance t downstrea. of the atatic pressure· tappina, a correction _t be ~ for 
the heed loea in the 88111pliDi tube between sectian ItA and section BB. rus i. done 
by -.urirC the bead 1088 over the aa.e lerwth of pipe, t, of the aa.e di_ter as 
the aaplina tube (D). 
FiJUre 2 ahowa the air-...ter ....-eter board (8) ~re the pre88Ul'e differences fre. 
the iaoldnetic .-pIer (A), and the heed 1088 ~inI aectian (D), are ..aured .. 
heed diffel'enoea h, and hi re8p8Otively. The flow rate ~ the Bllllplini tube ia 
controlled '--inI the .lurry JUIP (P) and pinch valve (0). Whal the head differenoe 
b. ecpUs the head difference hi iaoltinetic oanditiona exist. The iaokinet.ic velocity 
.ay now be __ ured and the local ocncentratian nd particle aize det:.end.ned. 
The velocity in the aa.pliIC tube is eraured UBire a -...tic flow .ter (8). The 
-..netic flow _ter i. calibrated by cl08in11 valve. (0) and (1) to isolate the 
88IIPliIC loop fre. the 140 _ pipeline, and valves (.1) and (K) are opened to allow 
clear ~ter to flow throuIh the .... tic flow .ter. The _ter . fre. the outlet is 
diverted to a oantainer and the 88IIIpl.inl tia and volw.e are .n8Ul"ed to calculate 
the flow rate. 
2. 3 ~ the local OCIIICaltrat.ion ..t part,icle ai_ diat.r1butiaa 
The .-plirC probe ...urea the local delivered concentration at aeotian M. To 
.-sure Wa delivered CCDCentratian a ....,11111 loop (L) is UBed. The ....,11n1 loop 
is baaed on the __ principle as a counter flow _ter (lazarUB (1982». 'lbe awraae 
of the In sHa ooncentratian in the riser and ~r eq\Bl.. the" deliwred 
concentration in the pipe. <D» ieokinetic oanditiona have been achieved the alurry 
ia diverted to the 88IIplinl loop bJpue (M) UBu.. the L-ported ball valw (N) and 
valve (0) ia closed at.ul~ly, th~ capturiDi a .-pIe of .1\.llT7 in the BBIIplinl 
loop. '!he .-pIe i. ~ the drain valve (P). 
The volw.e of the aa.plil1ll& loop is deterained bT fi11_ it with clear _ter and 
.-urirC the .... of .. ter re.oved t:hrouIdl the drain valve. 'DIe oonoentration ia 
calculated fre. the oven dry ... of the solids oantaiDed in the 8IIIPlina loop. '!he 
pu-ticle size diatributian is obtained fre:. a .ievinlr· anal18ia. 
3. ~t.a .ad Di~ion 
3. 1 Clear _ter te.t.a 
'l'be reault.B of clear ~ter teata at tbrw -.n velocit.i_ are prueat.ed in Fia\a'e 4. 














- in y. + 5.5 
IC 
where IC = 0.40 for Mater 




valid for y. > 30 (1) 
'!be __ ured local velocities and the predicted velocity profilem (Ftaure 4) lIN in 
load aare.ent. 'lberefore. the he.d lou betMeeD 8eCticn M and ..,uan BB 18 the 
__ as the head lou -.m-ed IIOroaa the head lou • I ruru. 8eCtian (D). "-
head loaaes would be expected to differ sliJhtlJ' .. the -tl7 ocnditiaa. are DOt the 
BIlE for both cases. 
3.2 9and .... ter IIixture teet rewlta 
The particle size distribJtian for the sand used in the teat im ahcNl ill Pi&ure 5. 
For the sand \MIed: 
S = 2,65 s 
d .. = 564 .. 
Sf = 0,6 
FialUre 6 shows the -.ured velocity and ccncentratim profiles at a __ IIixtul"e 
velocity (V.) of 3,34 JA/m and a .an delivered oancentratim (Cw) of 1ft bJ' w»l..-. 
'lbe velocity profile baa a ..xu.. veloci t7' of 4,08 JA/s which oocun at .. apNUd 
eccentricity of 12 _ frca the pipe axis. 
To check the IIOCUI"8O)" of the local ooncentratioa and velocity profile, the profilem 
are inteDated over the pipe area and oc.pared with the -. deliWl'8d ~tian 
and -.n veloci t)". To pertoN the int.earatiOll the pipe aeot.im is cliviclild iIlto 14 
horizontal stripe, each 10 _ thick, as shown in Piaure 'I. 'the intecrated 1IulIt 
laixture flow rate and bulk solids flow rate is calculated froa: 
n n / 
~ 2 2 -= ~ = Ui a i (2) 
i=1 i=1 
n n 
~ = 2 'Is = 2 Ui Ci a i (3) 
i=1 1:1 
10Ibere n = 14. 
'!be __ oonoentratim (oi) at each borillOlltal section ...... h .. tIIIe ... iII .... t t 
direcUy frca the ooncentratim profile in P~ I,-kt ,. the TO aliGn tllat .. 
oonoentraticm at 8Il7 one leovel is oonmtant horizantal17 aut~ tile idle m.-
section. 'lbe _thod \.-ed to emtmate the ... m.xture veloci~ (Ui • at ... ..,u.. 
of the pipe im demcribed in Appadix A. 'ftIe ~tm at the iIl~aa for • ~ 













Table 1 shows that the local and b.llk concentrati~ values -.ree to within IS, the 
sliahtly hiJher value fran the intearation 1. probabb due to the OOIlcehtration 
decreasing towarda the pipe wall alOIlI a horizontal level. 'I1Ie intearated 'Yelocit7 
profile lives a flow rate which i. 1~ lower than the ~ bulk flow rate. 
Fiaure 8 ahowa sieving analyae8 of _.-pIes removed fro. different )X)inta ~ the 
vertical section. 'lbe curves ahow how the local d .. particle size at each lewl 
increases towards the bottoll of the pipe. 
Fi gure 9 presents the variation of local deli vered volt.-etric OOIICeIitration of 
di fferent size fractions with vertical poei tion in the pipe crou aection. p~ 10 
illustrates the B8IIIe data on a different ooncentration acale to .alte the preMntation 
of the curves at lower concentrations clearer. '!be OO8.l"8er fracti~ (d ) 150 .-) 
.hows an increasing concentration t.cMLrds the botte. of the pipe while the finer 
fraction (d < 150 .-) decreases in concentration towards the bottoa of the pipe. 
Figure 11 shows the concentration profile data plotted with 3 ooncentration profile 
correlations (see Appendix B for details of correlationa). '!be firat order dif"-ion 
model was evaluated at y = 70 _ and c = 1~. the .:del abowa load acre It with a a 
1:..hP. data pointe over the central portion of the pipe. '!be II8CClDd order dif"-ion 
model is a poor fit to the experimental data. '!be Shook correlation (carleton et .1 
(1978) )evaluated at Ya = 70 _ and ca = 1~ ahowB reuonable air. EDt with tbe data 
points and closely predicts the correct profile shape. Note that all the oorrelationa 
predict zero concentration at the top of the pipe. 
4. Concl..-iOll8 
4.1 'lbe sampling probe can sample accurately up to a local OOIIOSltration in exoeea 
of ~ by volt.-e without requiring the \8e of a aeparate 'Yeloci t7 probe. 
4.2 'lbe _asured velocity profiles in clear .. ter Mow load alre ! It with the 
predicted velocity profiles, t!u. validatinll the .s8ll..,tion that the I..t loa 
between the probe nose and the cira..f'erential preaaure tappu. i. the __ 
tile head. 1088 __ ured across a pipe of the __ lelllth and c:U.a.eter. 
4.3 'lbe inte~ted concentration and bulk concentration values -.rae to within 21. 
4.4 'lbe intelrated flow rate is 1~ lower than the bulk flow rate. '!be probe will 
be evaluated further to bIprove the confidence level Mlen -.uru.. 'Yelocit7 
profiles. 
4.5 1be local delivered ooncentration of different particle aize fl"llCtiona ~ 
that the ooncentration of the coaraer traction (d > 150 .. ) iJlcreuea tGNardII 
the botte. of tile pipe, while the oancentration of the finer fl"llCtion (d < 
150 .-) decreases towa.rda tile ~tte. of tile pipe. 
4.6 'lbe Shook concentration profile correlation closeb predicts the OOi~ 
profile shape. 
'l1le autllors wiBh to acknowledae financial aupport received fna the foll~ 
ol'1l8l'li zationa : 
Cotmcil for Scientific 8IId Industrial Reeeerch 
Bast Rand Gold and Uraniua ~ 
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To eat.t-te the __ velocity (ui ) .. a fl'llCtion of the -.xiala velocity, '\.ax of 
each borir.ontal section the velocity defect law ia used as follows; Conaider a 








'--___ -L. _____ .....I (figure 6) 














U = U.ax +~ tft (') -
R R 
f U dr = J (u .. U. tft (,), ~ q = +--0 0 
[u..x y + y ~ (tft (,) -
I 
q = 1)] 
0 
. u. . . q = R (u --) .ax _ 
- q U. CAl) U = I = U..x --" 
Note that both u. and _ YIU7 IICroeS the pipe crou eection since they are 
concentration dependent. '!be local 8hear velocity (u'i) 18 evaluated -.-inl 
"'i = j :~ IA2) 
where S. = l.cical relative dawity of llixture obtained frooa FilUl'e 6 
= c i (S. + 1) 
~o = ahe&r atrea at the pipe lell, .. -..ed to act wdfOl'lll.y over 
the pipe ci~erence. 
'!be van K.uwan value (_) ... calculated over a horizontal level at r = ° 
( i • e. approx_tely oonatllnt ocncentrat.ion) -ire the followilw two relations 
1. tft y. - 3,05 -
where u.x is obtained fraa FiJure 6 at y = R. 
i.e. the axis of the pipe 
Tranai tion zane CA3) 
'J\Jrbulent zone CA4) 
_ i. found to eq\al. 0,44 by equatina eqlAtion CA3) and CA4) at y. = 30. 1bi. 
represents an increase in " over the clear .. ter value of 0,4. 11li. variation has 
been reported by othera, e ••• Nur-EI-Din et .1 (1986). 'Ibis value of " i. then used 














APFINDIX B - CXH:INTRATIOf ~UI CXIIIBlATICIB 
B.l PiNt order Diffl..ion Model 
z 
C(7) = c. ~a: ~~ 
".1 
V t = Mttlinl wlooi t7 of d.. )articl_ 
7 = be~t ab:Mt pipe floor 
B.2 Second order Diffusion Medel 
where ro = JaCked bed oonoentration 
V' t .. • 
= 
= 
hindered aettl1nl velocit7 of d.. particl. 
tran.fer coefficient = 0,052 U. D 




S -1 I]. 7 [2 ad c1;-)] 
tan 12 II + 1 
e 
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Figure Overall view of Hydrotransport Research Unit's pipeloop test facility 
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Table 1: Results of velocity and concentration profile integration 
Strip Area u c u ~ 
qs 
(from Fig 6) (from Fig 6) (eq A1) (eq 2) (eq 3) 
(mm2 ) (m/s) Cr.) (m/s) (£/s) (£/s) 
503 2,76 3,0 2,33 1 , 17 0,04 
2 868 3,16 3,8 2,74 2,37 0,09 
3 075 3,60 4,6 3,18 3,42 0,16 
4 4 215 3,88 5,6 3,46 4,21 0,24 
5 5 311 4,01 7,6 3,60 4,71 0,36 
6 6 370 4,08 10,6 3,68 5,04 0,53 
7 7 399 4,06 15,0 3,67 5,13 0,77 
8 399 3,94 19,2 3,56 4,98 0,96 tI . .... ~ 
~ 9 370 3,70 24,0 3,33 4,56 1,10 IN 00 
10 310 3,32 30,6 2,96 3,88 1,19 
11 215 2,92 40,0 2,58 3,14 1,25 
12 075 2,29 47,0 1,96 2,11 0,99 
13 868 1,63 52,0 1,31 1 , 14 0,59 
14 503 1,10 56,0 0,78 0,40 0,22 
46,26 8,49 
Figure 7: Division of pipe section E ~ - 46,26 £/s Bulk Q • 51,82 £/s m 
into horizontal strips. i.e. E ~ is 10,7% less than the bulk ~ 
Eq 
E q - 8,49 £/s C = s - 18,35% Bulk Cvd - 18% s vd E~ 
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declare def LOCATE 
option angle degrees 
Printer output routines 
Screen plotting routines 
Finite element method routines 
public Cc,DIAM,dpdx,dpdxL,G,h,Ko,Mum,Muslid,Phi,Rho,Sm,SmV,Ss 
public dp,Cv,Cvehicle,dT,Pt,drep,Ccmin,Ccmax,Delta,cmaxF,Sf,Vs,Vcorr 
public Taumixw, Tauliqw, Tausfailw, TauwSp, TauwSW,V, TotalMum,WallMu m 











open #1: printer 
Particle Size Distribution diameters 




Slurry temperature data points 
Velocity data points 
Flow observation velocities 
1**************************************************************************** 
1 PROGRAM DRIVER 
call INITIALISE 
call WATER PROP 
let Cv - (sm~sw)/(SS-SW) 
call VEHICLE PROP 
call SOLID PROP 
call PRINT-START 
let LOOP ·-0 
let MinDP - DPmin*lOOO - Sm*Rho*G*sin(Phi) 
let MaxDP - DDPmax*1000 - Sm*Rho*G*sin(Phi) 
for dp - MinDP to MaxDP step (MaxDP-MinDP)/(CALCNUM-l) 
let LOOP - LOOP + 1 
let dpdx - dp + sm*Rho*G*sin(Phi) 
let dpdxL - abS( dp - Cc*(Ss-SmV)*Rho*G*sin(Phi) 
let A - abs( dpdx - sm*Rho*G*sin(Phi) ) 
let B - Ko*dpdxL*tan(Delta) 
let C - Rho*G*(Ss-SmV)*Cc*cos(Phi)*tan(Delta) 
if abs(Phi) - 90 then 
else 
let Rinter - ( B + (DIAM*C/2) ) / ( (A/2) + C ) 
let MESHDATA$ - "25NODE.PRN" 
let MESHDATA$ - "172NODE" 
end if 
call rEM DRIVER 
let V - MEAN VELOCITY 
call PRINT OUTPUT 
let VdP(LOOP,l) - V 
let VdP(LOOP,2) - dp 
next dp 
call PRINT END 
call SCREEN AXES 
call SDATA PLOT 












for i ,. 1 to LOOP 
let TotaldP = ( VdP(i,2) + Sm*Rho*G*sin(Phi) ) / 1000 
plot VdP(i,l),TotaldP; 
next i 
for W = 1 to 3 
call VELOCITY PRESSURE( VdP(,),Fricdp,W,CALCNUM) 
print #1: "FrIction gradient at ";W;"m/s = ";Fricdp 
next W 
1*********************************************************************** 
sub DATA READ 
open #10: name pATA_FILE$ 
input #10: TEST FILE$ 
input #10: FACILITY$ 
input #10: DAT$ 
input #10: MAT$ 
input #10: Ss 
input #10: Sm 
input #10: DIAM 
input #10: KROUGH 
input #10: SLOPES 
let KROUGH ,. KROUGH/le6 
if SLOPES ,. "Horizontal" then let Phi,. 0 
if SLOPES = "Vertical Down" then let Phi = -90 
if SLOPES .. "Vertical Up" then let Phi = 90 
let DIAM = DIAM/1000 
let DPmin .. 0 
let DPmax = 0 
let DDPmax = -20 
input #10: DATA NOM 
for i .. 1-to DATA NOM 
input #10: VDATA(i),DPDATA(i),TEMPDATA(i) 
let SOMTEMP .. SUMTEMP + TEMPDATA(i) 
next i 
if DPDATA(i) < DPmin then let DPmin - DPDATA(i) 
if DPDATA(i) > DPmax then let DPmax .. DPDATA(i) 
if DPDATA(i) > DDPmax then let DDPmax ,. DPDATA(i) 
let Temp = SUMTEMP/DATA_NOM 
input #10: PSD NUM 
for k ,. I to PSD NOM 
input #10: DTk),RET(k) 
let SUMRET .. SUMRET + RET(k) 
let PASS(k) ,. 100 - SUMRET 
next k 
input #10: OBS NOM 
if OBS NUM-<> 0 then 
input #10: DOBS 
for j .. 1 to OBS NOM 
input #10: VOTj),OBS$(j) 
next j 
end if 
let YMAX =- 0 
let YMIN ,. 0 
select case DPmax 
case 0 
let YMAX .. 0 
case 0 to 10 
let YMAX .. 10 
let YINT = 1 
case 10 to 20 
let YMAX ,. 20 












let YMAX • 40 
let YINT = 5 
end select 
select case DPmin 
case 0 
let YMIN • 0 
case -10 to 0 
let YMIN • -10 
let YINT • 1 
case -20 to -10 
let YMIN - -20 





sub LOG STANDARD ERROR 
let SUM - 0 
for i = 1 to DATA NUM 
let V .. VDATA(i) 
call VELOCITY PRESSURE( VdP(,),Fricdp,V,CALCNUM) 
let FricdpDATA - DPDATA(i)*1000 - Sm*Rho*G*ain(Phi) 
let SUM = SUM + ( log10(abs(FricdpDATA» - log10(abs(Fricdp» )A2 
next i 
let LSE .. sqr(SUM) / (DATA NOM - 1) 
print II: " LSE : "; -

























D .. 0 
DPDATA .. 0 
PASS .. 0 
RET = 0 
TEMPDATA .. 0 
VDATA .. 0 
VO - 0 
VdP • 0 
do 
let ERR .. 0 
when error in 
uae 
input prompt "Data File Name? ":FIL$ 
let DATA FILE$ .. "C:\UCTDATA\"&FIL$&".PRN" 
call DATA READ 
clear 
print "Error";EXTYPEI":"IEXTEXT$ 
let ERR • 1 
end when 
loop until ERR - 0 
CALCNUM - 10 Number of calculated data points 
Ccmin - .44 
Ccmax ... 6 
ClnaxF - .74 
Coeffa .. 1.4 
G • 9.81 
LOOP .. 0 
Sf ... 70 
SUMTEMP • 0 
XMAX - 4 
XINT - .25 
XMIN - 0 
vs - le-3 
maximum packing of fine fraction 
gravitational acceleration 
particle settling shape factor 
Im/s 
1 settling velocity for psd split 














sub SOLID PROP 
let Cc = (l-pt)*Cv 
let Delta = 23.S29*Cv + 17.882 
let Muslid = tan(Delta)/2 
let Ko = ( cc/Ccmax )A(lS) 
let Pcrep = Pt + (1-Pt)/2 1 dSO of Coarse Fraction 
call DIAMETER(drep,Pcrep*100,D,PASS) 
let drep = drep*le-6 
if Cc >= Ccmin then 
let hHi = drep/2 
let hLo = 0 
else 
let KCcmin - Ccmin*(drepA3) 
do 
let h = (hHi+hLo)/2 
let KCc = Cc*( 6*(hA2)*drepA2 - 4*(hA3) ) 
if KCc > KCcmin then 
let hHi = h 
else 
let hLo = h 
end if 
loop until abs (KCcmin-KCc) < 1e-14 




sub VEHICLE PROP 
let dt = 10e-6 
do 
1 starting value for iteration 
let dttrial = dt 
call PERCENTAGE(dttrial*le6,P,D,PASS) 
let Pt = P/100 
let Cvehicle = Pt*Cv/(1+Cv*(Pt-1)) 
let SmV = Sw + Cvehicle*(Ss -Sw) 
let Vcorr = ( 1 - (Cvehicle/cmaxF) )A(-2.S) 
let Mum • Mu*Vcorr 
let dt • sqr( (Vs*18*Mum) / (Rho*G*Sf*(Ss-SmV)) 
loop until abs(dt-dttrial) < 1e-7 
let TVcorr = ( 1 - (cv/Ccmax) )A(-3.S) 
let TotalMum • Mu*TVcorr 
1 Landel et a1. 
1 Landel et ale 
end sub 
~************************************************************************** 
sub WATER PROP 
let Rho = 1004.166 * exp(-.00029S8 * Temp) 
let Sw - Rho/999.1 
if Temp < 23 then 
let Mu = (1.732 * exp(-.028 * Temp)) * 1e-3 
else if Temp < 43 then 
let Mu - (2;516 - .505 * log(Temp)) * 1e-3 
else 







let i = 0 
do 











let P1 ... PASS(i) 
loop until P1 < P 
let Ld1 = 10g10(0(i» 
let Ld2 - 10g10(0(i-1» 
let P2 - PASS(i-1) 
let m = (P2-P1) / (Ld2-Ld1) 
let LPOIAM = «p-P1)/m) + Ldl 





let i - 0 
let Ld = 10g10(POIAM) 
do 
let i - i + 1 
let Ld1 = 10g10(0(i» 
loop until Ld1 < Ld 
let Ld2 = 10g10(0(i-1» 
let P1 = PASS(i) 
let P2 - PASS(i-1) 
let m = (P2-P1) / (Ld2-Ld1) 
let P = m*(Ld-Ld1) + P1 
end sub 
1*********************************************************************** 
sub VELOCITY PRESSURE(VdP(,),dp,VEL,OATANUM) 
1 Routine to-determine the pressure gradient corresponding to a specified 
1 velocity from the pressure gradient curve stored in array 
1 VdP(V,dp) using linear interpolation. 
let i = 0 
let Vmax = 0 
for k = 1 to OATANUM 
if VdP(k,l) > Vmax then let Vmax - VdP(k,l) 
next k 
end sub 
if Vmax >= VEL then 
do 
let i = i + 1 
let V2 - VdP(i,l) 
loop until V2 >- VEL 
let dP2 - VdP(i,2) 
if i - 1 then 
let V1 - V2 
let dP1 ,. dP2 
let M - 0 
else 
let V1 - VdP(i-1,1) 
let dP1 - VdP(i-1,2) 
let M - ( dP1 - dP2 
end if 
let K - dP1 - M*V1 
let dp - M*VEL + K 
else 
let dp -0 end if 
) / ( V1 - V2 ) 
1************************************************************************* 
1 Oefinition of LOCATE function used in routines GLOBAL, GAUSS and 
1 BACKSUBS in module VELOCITY 















This module contains all the routines used to calculate the velocity 
distribution in a slurry pipeline. The finite element mesh is specified 
by the data file name MESHDATA$. 
1************************************************************************** 
library "FNTDLIB.TRC" 1 Trigonometric functions degrees 
declare def acos 
declare def LOCATE 
declare public Cc,DIAM,dpdx,dpdxL,G,h,Ko,Mum,Muslid,Phi,Rho,Sm,SmV,Ss 
declarepublicdp,Cv,Cvehicle,dT,Pt,drep,Ccmin,Ccmax,Delta,CmaxF,Sf,Vs,Vcorr 
declare public TauwSp,TauwSW,V,MEAN VELOCITY,VDISTLOOP 
declare public KROUGH,Rinter,TotalMum,FlowRegime$ 

















open #1: PRINTER 
open #2: SCREEN 0,1,0,1 
1************************************************************************* 
sub FEM DRIVER . 
option angle degrees 
let Rw .. DIAM/2 
let Rh .. Rw - h 
let dpfric - dpdx - Sm*Rho*G*sin(Phi) 
let A .. dpfric 
let B - Ko*dpdxL*tan(Delta) 
let K .. Rho*G*(Ss-SmV)*Cc*cos(Phi)*tan(Delta) 
if abs(Phi) - 90 then 
let MESHDATA$ - "19MESH.PRN" 
let Tausfail = B 
let Tausfailw - B * (MuBlid/tan(Delta» 
let Taumixw - dpfric*Rw/2 
let Tauliqw - Taumixw - TauBfailw 
if Tauliqw -< ° then 
else 
let MEAN VELOCITY - ° 
let VelB - Tauliqw*h/Mum 
let Taumixh .. dpfric*Rh/2 
let Tauliqh .. Taumixh - Tausfail 
if Tauliqh -< ° then 
else 
let FlowRegime$ - "PLUG" 
let MEAN VELOCITY" VelB * (RWA2 + RhA2) / (2*RwA2) 
let FlowRegime$ - "SYM. CORE" 
let VDISTLOOP - VDISTLOOP + 1 
let ps.. 2*Rh*Tauliqh / ( RhA2 - RinterA2 















call NODE PLOT 
end if 






if VDISTLOOP - 1 then call VERT AXIS 
call VERT PLOT 
call INTEGRATE 
end if 
let MESHDATA$ ., "91MESH.PRN" 
if B >- A*Rw/2 then 
else 
let FlowRegime$ • "PLUG" 
let Tausfailw - (B + K*Rw)*Muslid/tan(Delta) 
let Taumixw - A*Rw/2 
let Tauliqw - Taumixw - Tausfailw 
if Tauliqw -< 0 then 
let MEAN VELOCITY ,. 0 
else -
let VelB - Tauliqw*h/Mum 
let MEAN VELOCITY - VelB * (RWA2 + RhA2) / (2*RwA2) 
end if 
if (B+2*Rw*K) < A*Rw/2 then 
else 
let FlowRegime$ - "ASYM. CORE" 
let VDISTLOOP - VDISTLOOP + 1 
let Tausfailh - B + K*Rw 
let Taumixh - dpfric*Rh/2 
let Tauliqh ,. Taumixh - Tausfailh 
let Ytop -( B + K*Rw) / ( (A/2) + K ) 
let Ybot - ( B + K*Rw) / ( -(A/2) + K ) 
let ps - 2*Rh*Tauliqh/( (RhA2) - «Ytop-Ybot)A2)/4 
let FlowRegime$ • "SLID. BED" 
let VDISTLOOP - VDISTLOOP + 1 
let Ywall - Rw - ( (A*Rw/2) - B )/K 
let Ycent - ( B + K*Rw) / ( (A/2) + K ) 
let Beta - acos(-Ywall/Rw) 
let Taumixh - dpfric*Rh/2 
let Forceh - 0 
let dAngle - ( 180 - Beta ) / 10 
for Angle - Beta to 180 step dAngle 
let Y - -Rw*cos(Angle) 
let Tausfailh ,. B + K*(Rw-Y) 
let Tauliqh - Taumixh - Tausfailh 
let localFh - Tauliqh*Rh*dAngle*Pi/180 
let Forceh • Forceh + localFh 
next Angle 
let Denom - Pi*RhA2 - (Ycent-Ywall)*Rh*sin(Beta) + 
Beta*(RhA2)*Pi/180 - Ywall*Rh*sin(Beta) ) 
let ps - 2*Forceh/Denom 
end if 
if VDISTLOOP - 1 then 
call MESmAD 
call NODE PLOT 
end if 

























This routine reads the nodal coords, nodal conectivity and number of 
boundary nodes from data files MESHDATA$. 
open #10: NAME MESHDATA$ 
input #10: NNODE,NBOUNDARY 
mat redim NODECOORD(NNODE,2) 
for i = 1 to NNODE 
input #10: NUM, R,THETA 
let NODECOORD(i,l) • «DIAM-2*h)/2)*R*sin(THETA) 
let NODECOORD(i,2) = «DIAM-2*h)/2)*R*cos(THETA) 
next i 
input #10: NELEMENT 
mat redim ELEMENT(NELEMENT,3) 
for k = 1 to NELEMENT 
input #10: ELEMNUM, ELEMENT(k,l), ELEMENT(k,2), ELEMENT(k,3) 
next k 




sub NODE PLOT 
1 Routine to plot the mesh elements at their nodal coordinates. This provides 
1 a visual check that the mesh data input is correct. 
set mode "HERCULES" 
clear 
let XMIN = -0.05*(DIAM/2) 
let XMAX = 1.05*(DIAM/2)*2.464 
let YMIN = -1.05*(DIAM/2) 
let YMAX = - YMIN 
set WINDOW XMIN,XMAX,YMIN,YMAX 
for EL • 1 to NELEMENT 
for j - 1 to 4 
if j = 4 then let ELNODE • 1 ELSE let ELNODE = j 
let NOD = ELEMENT(EL,ELNODE) 
let X = NODECOORD(NOD,l) 







sub BOUNDARY VALUES 
mat redim SOLUTION(NNODE) 
mat SOLUTION - 0 
let Taumixw = dpfric*Rw/2 
if abs(Phi) = 90 then 
values. 
for Bnode • ORDER+l to NNODE 
let SOLUTION(Bnode) • VelB 
next Bnode 
else if FlowRegime$ - "SLID. BED" then 
let Betarad - Beta*Pi/180 
1 Boundary nodes with prescribed 
let Tauswbed - ( Rho*G*(Ss-SmV)*Cc*Rw*(Betarad-sin(Beta»/Betarad + 
Ko*dpdxL ) * Muslid 
let Tauliqwbed - Taumixw - Tauswbed 














let Vbed = 0 
else 
let Vbed s Tauliqwbed*h/Mum 
end if 
for Bnode • ORDER+1 to NNOOE 
let Y = NOOECOORD(Bnode,2) 
let Angle = acos(-Y/Rw) 
if Angle =< Beta then 
let SOLUTION(Bnode) • Vbed 
else 
let Tausfailw = ( B + K* (Rw-Y) ) *Muslid/tan(Oelta) 
let Tauliqw - Taumixw - Tausfailw 
if Tauliqw -< 0 then 
let SOLUTION(Bnode) = 0 
else 




for Bnode - ORDER+1 to NNOOE 
let Y - NOOECOORD(Bnode,2) 
let Tausfailw = ( B + K*(RW-Y) )*Muslid/tan(Oelta) 
let Tauliqw - Taumixw - Tausfailw 
if Tauliqw -< 0 then 
let SOLUTION(Bnode) - 0 
else 






1 This routine calculates the element stiffness matrices and load vectors 
1 which are stored in LOCALSTIFF and LOCALFORCE respectively. 
mat redim LOCALFORCE (NELEMENT) 
mat redim LOCALSTIFF(NELEMENT,3,3) 
mat redim AREAS(NELEMENT) 
for NEL - 1 to NELEMENT 
for j - 1 to 3 
let NOOE(j) - ELEMENT(NEL,j) 
let ELEMENTCOORD(j,l) -1 lModifying matrix for area calculation 
let ELEMENTCOORD(j,2) - NOOECOORD(NOOE(j),l) 
let ELEMENTCOORD(j,3) - NOOECOORD(NOOE(j),2) 
next j 
let AREA - ASS ( OET (ELEMENTCOORD ) / 2 ) 
let AREAS(NEL) - AREA 
let C ( 1) - BLBMENTCOORD ( 2 , 3) - ELEMENTCOORD ( 3 , 3 ) 
let C(2) - ELBMBNTCOORD(3,3) - ELEMENTCOORD(1,3) 
let C(3) - ELEMENTCOORD(1,3) - ELEMBNTCOORD(2,3) 
let 0(1) - ELEMENTCOORD(3,2) - ELEMBNTCOORD(2,2) 
let 0(2) = ELEMENTCOORD(1,2) - ELEMENTCOORD(3,2) 
let 0 (3) - ELEMENTCOORD (2,2) - ELEMENTCOORD ( 1,2 ) 
for i - 1 to 3 
for j - 1 to 3 
let STIFF = ( C(i)*C(j) + O(i)*O(j) ) / (4*AREA) 
let LOCALSTIFF(NEL,i,j) - STIFF 
next j 
next i 
let Xl = ( ELEMENTCOORD(1,2) + ELEMENTCOORD(2,2) / 2 
let X - .5*( ELEMENTCOORD(3,2) - Xl ) + Xl 
let Y 1 - ( ELEMENTCOORD ( 1, 3) + ELEMENTCOORD ( 2 , 3 ) / 2 
let Y - .5*( ELEMENTCOORD(3,3) - Y1 ) + Y1 
let R - sqr( (X"2) + (Y"2) ) 
if ( B + K*(Rw-Y) ) > A*R/2 then 












let GAMMA = ps/TotalMum 
end if 
E.ll 





1 Routine to perform the global assembly of local stiffness matrices 
1 and load vectors into GLOBALSTIFF and FORCE. 
let NEQUNS = NNODE 
let SIZ = LOCATE(l,NEQUNS,NEQUNS) 
mat redim GLOBALSTIFF(SIZ) 
mat redim FORCE(NEQUNS) 
mat GLOBALSTIFF = 0 
mat FORCE = 0 
let BANDWIDTH = 0 
for NEL - 1 to NELEMENT 
for ELNODEI - 1 to 3 
let NODEI = ELEMENT(NEL,ELNODEI) 
if NODEI <= NEQUNS then 
lLoop through the elements 
lLocal row 
lGlobal node i 
let FORCE(NODEI) - FORCE(NODEI) 
for ELNODEJ = 1 to 3 
+ LOCALFORCE(NEL) 
let NODEJ • ELEMENT(NEL,ELNODEJ) 
if NODEJ <- NEQUNS then 
let DIFF = NODEJ - NODEI 
if DIFF >- 0 then 
lLocal column 
lGlobal node j 
if DIFF > BANDWIDTH then let BANDWIDTH - DIFF 
let POSITION - LOCATE(NODEI,NODEJ,NEQUNS) 








Modifing force vector for nodes with prescribed values 
for i - 1 to ORDER 1 Rows of force vector 
for Bnode • ORDER+l to NNODE 1 Boundary nodes 
let POSITION - LOCATE(i,Bnode,NEQUNS) 






1 Routine to perform Gauss reduction on GLOBALSTIFF and FORCE. 
for EQUN - 1 to ORDER 
let BANDPOS - EQUN + BANDWIDTH 
if BANDPOS > ORDER then let BANDPOS - ORDER 
let POS • LOCATE(EQUN,EQUN,NEQUNS) 
let PIVOT - GLOBALSTIFF(POS) 
let ROWSTART - EQUN + 1 
for ROW - ROWSTART to BANDPOS 
let Pas - LOCATE(EQUN,ROW,NEQUNS) 
let FACTOR = GLOBALSTIFF(POS) I PIVOT 
if FACTOR <> 0 then 
for COL - EQUN to BANDPOS 
if ROW <= COL then 
let POSA - LOCATE(ROW,COL,NEQUNS) 
let POSB - LOCATE(EQUN,COL,NEQUNS) 






















1 Routine to calculate nodal values from reduced GLOBALSTIFF and FORCE. 
1 Nodal values are stored in SOLUTION. 
let NEQUN1 = ORDER + 1 
for EQUN - 1 to ORDER 
let NBACK - NEQUN1 - EQUN 
let POS - LOCATE(NBACK,NBACK,NEQUNS) 
let PIVOT - GLOBALSTIFF(POS) 
let RESID = FORCE(NBACK) 
let DIFF - ORDER - NBACK 
if DIFF <> 0 then 
let NBACK1 - NBACK + 1 
let BANDPOS = NBACK + BANDWIDTH 
if BANDPOS > ORDER then let BANDPOS - ORDER 
for COL = NBACK1 to BANDPOS 
let POS - LOCATE(NBACK,COL,NEQUNS) 
let RESID = RESID - GLOBALSTIFF(POS)*SOLUTION(COL) 
next COL 
end if 





1 Routine to calculate the nodal velocity values from the matrix SOLUTION. 
1 The nodal velocity values are stored in VELOCITY. 
mat redim VELOCITY(NNODE) 
for NOD - 1 to NNODE 





set MODE "HERCULES" 
clear 
let XMAX - 8 
let XMIN - 0 
let YMAX - DIAM/2 
let YMIN - -YMAX' 
set WINDOW XMIN,XMAX,YMIN,YMAX 
plot XMAX,YMIN;XMIN,YMIN;XMIN,YMAX;XMAX,YMAX;XMAX,YMIN; 
for i - 1 to XMAX 





sub VERT PLOT 
1 Routine to plot the vertical axis velocity and distribution from VELOCITY 
for i - 1 to NNODE 
let X = NODECOORD(i,1) 











let VEL z VELOCITY(i) 
if x = 0 then 




for i = 1 to NNODE 
let X z NODECOORD(i,l) 
let Y = NODECOORD(i,2) 
let VEL = VELOCITY ( i) 
if abs(X) < 1e-16 then 








1 Routine to integrate the nodal velocity values over each element to 
1 obtain the mean mixture velocity. 
let MIXTURE FLOW - 0 
let PLOW AREA - 0 
for NEL = 1 to NELEMENT 
let N1 z ELEMENT(NEL,l) 
let N2 = ELEMENT(NEL,2) 
let N3 = ELEMENT(NEL,3) 
let Y1 - NODECOORD(N1,2) 
let Y2 = NODECOORD(N2,2) 
let Y3 - NODECOORD(N3,2) 
let AVVEL = VELOCITY(N1) + (2/3)*( ( ( VELOCITY(N2) + VELOCITY(N3) )/2 ) 
- VELOCITY(N1) ) 
let MIXTUREFLOW = MIXTUREFLOW + AVVEL*AREAS(NEL) 
let FLOW AREA = FLOW_AREA + AREAS(NEL) 
next NEL 
let MEAN VELOCITY • MIXTURE FLOW / FLOW AREA 

















module printer 1 print routines 
de~lare public Cc,DIAM,dp,dpdx,dpdxL,G,h,Ko,Kum,Kuslid,Phi,Rho,Sm,SmV,Ss 
declare public Taumixw,Tauliqw,Tausfailw,TauwSp,TauwSW,V,TEST FILE$ 
declare public cv,CVehicle,dT,Pt,drep,Ccmin,Ccmax,Delta,cmaxF;sf,Vs,Vcorr 
declare public TVcorr,TotalKum,Ku,MATPROP$ 
open #1: printer 
share #1 
~************************************************************************** 
sub PRINT END 
print #1: chr$(192); 
call PRINT LINE 





for i - 2 to 79 




sub PRINT OUTPUT 
print #1: chr$(179); 
print #1 ,using "####.#":Tauliqw; 
print #1: tab(S); 
print #1 ,using "#####.#":Tausfailw; 
print #1: tab(16); 
print #1 ,using "#####.#":TauwSW; 
print #1: tab(24); 
print #1 ,using "#####.#":TauwSp; 
print #1: tab(32); 
print #1 ,using" ###.#":Taumixw; 
print #1: tab(40); 
print #1 ,using" #####.#":dpdxL; 
print #1: tab(4S); 
print #1 ,using" #####.#":dp; 
print #1: tab(56); 
print #1 ,using" #.####":Ko; 
print #1: tab(64); 
print #1 ,using "#####.#":dpdx/l000; 
print #1: tab(72); 
print #1 ,using" ##.##":V; 
print #1: tab(SO);chr$(179) 
end sub 
~************************************************************************** 
sub PRINT START 
print #1: 
print #1: "Katerial Properties: ";MATPROP$ 
print #1: TEST FILE$,"D:";DIAM,"Phi:";Phi,"Date:";date 
print #1: "Ss:";Ss,"Sm:";Sm,"Smv:";Smv 
print #1: "C:";Cv,"Cvhcl:";CVehicle,"Cc:";Cc 
print #1: "dt:";dT,"pt:";Pt,"drep:";drep,"Kus:";Kuslid 
print #1: "Ccmin:";Ccmin,"Ccmax:";Ccmax,"Delta:";Delta 
print #1: "cmaxF:";cmaxF,"Sf:";Sf,"Vset:";Vs,"h:";h 
p r i n t # 1 
" Kuw:";Ku, "Vcorr: ";Vcorr, "VVisc:";Kum, "TVcorr: ";TVcorr, "TVi sc:";TotalKum 
print #1: chr$(21S); 
call PRINT LINE 
print #1: chr$(191) 












print #1: tab(32);" Tw";tab(40);" dpdxL";tab(4S);"dpfric";tab(S6);" 


















module SPLOT 1 Routines for plotting on screen 
declare public TEST_FILE$,XINT,XMIN,XMAX,YINT,YMIN,YMAX 
declare public VDATA(),DPDATA(),DATA NUM,LSE 
share X,XRANGE,Y,YRANGE -
~************************************************************************** 
sub SCREEN AXES 
clear 
let XRANGB - XMAX - XMIN 
let YRANGE - YMAX - YMIN 
set mode "HERCULES" 
set window -.2*XRANGE,XMAX,YMIN-.2*YRANGE,YMAX 
set text justify "center","half" 
box lines XMIN,XMAX,YMIN,YMAX 
for i - XMIN to XMAX step XINT 
if A-O then let A-l else let A-O 




plot text, at XRANGE/2,(YMIN-YRANGE/10):"VELOCITY (m/s)" 
for i = YMIN to YMAX step YINT 
if 8-0 then let 8-1 else let 8=0 




set text justify "left","half" 
plot text, at (XMIN-.2*XRANGE),YMIN+.6S*YRANGE:"PRESS" 
plot text, at (XMIN-.2*XRANGE),YMIN+.SS*YRANGE:"GRAD " 
plot text, at (XMIN-.2*XRANGE),YMIN+.4S*YRANGE:"kPa/m" 
end sub 
1*********************************************************************** 
sub SDATA PLOT 
let TITLE$ - "Data File : " & TEST FILE$ 
set text justify "center","half" 
plot text, at .S*XMAX,YMIN+.9S*YRANGE: TITLE$ 
for i = 1 to DATA NUM 
let X - VDATA(I) 
let Y • DPDATA(i) 




sub SDATA_LABEL 1 square 
let DX - XRANGE/180 




sub SLSE WRITE 
let TITLE$ - "LSB : " & str$(LSE) 
set text justify "center","half" 
plot text, at .1*XMAX,YMIN+.8S*YRANGB: TITLE$ 
end sub 
1*********************************************************************** 
end module 
~************************************************************************** 
